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COMPOSITIONS AND METHODS FOR enzyme and can be spectrally differentiated ; ( b ) imaging the 
TREATMENT AND IMAGING USING subject for a signal corresponding to the first and second 

NANOPARTICLES radionuclide ; and ( c ) comparing the biodistribution of the 
first radionuclide to the biodistribution of the first radionu 

CROSS REFERENCE TO RELATED 5 clide , wherein when the biodistribution for the first radio 
APPLICATIONS nuclide differs from the biodistribution for the second radio 

nuclide , enzyme activity is detected . 
This application claims the priority of U . S . provisional 

application No . 62 / 009 , 481 , filed Jun . 9 , 2014 and U . S . BRIEF DESCRIPTION OF THE FIGURES 
provisional application No . 62 / 137 , 628 , filed Mar . 24 , 2015 , The application file contains at least one drawing each of which is hereby incorporated by reference in its executed in color . Copies of this patent application publi entirety . cation with color drawing ( s ) will be provided by the Office 

GOVERNMENTAL RIGHTS upon request and payment of the necessary fee . 
FIG . 1 depicts a schematic of the synthesis of the dual 

This invention was made with government support under radiolabeled nanoparticle - based SPECT probes . 
HHSN268201000046C awarded by the National Institutes FIG . 2 depicts in vivo spectroscopic SPECT / CT imaging 
of Health and W81XWH - 09 - 1 - 0333 awarded by the US after intravenous injection with dual - radiolabeled nanopar 
Army Medical Research and Materiel Command . The gov ticles . X - ray CT coregistered with ( a ) 200 + 60 keV energy 

20 channel that detects 111In , ( b ) 28 + 3 keV energy channel that ernment has certain rights in the invention . detects 1251 emission , and ( c ) both energy channels . 
FIELD OF THE INVENTION FIG . 3 depicts tumor imaging with dual - radiolabeled 

nanoparticles . SPECT / CT images of mice with bilateral ( a ) 
The present invention encompasses compositions com A431 and ( b ) 4T1Luc tumors 48 hours after intravenous 

prising two spectrally distinct radionuclides separated by a 25 injection . ( C ) Tumor standardized uptake values ( SUVs ) of 
site susceptible to cleavage . Compositions of the invention 111In over the 48 hours following injection . 
may be used to detect enzyme activity and / or image diseases FIG . 4 depicts an image of gold nanoparticle suspensions 
associated with said enzyme activity . after incubation with the synthesized peptide both ( left ) 

without and ( right ) with the addition of mPEG - SH 
REFERENCE TO SEQUENCE LISTING 30 ( MW5000 ) . The red color associated with the surface plas 

mon resonance of a well - dispersed suspension was only 
A paper copy of the sequence listing and a computer preserved with addition of PEG . 

readable form of the same sequence listing are appended FIG . 5 depicts a graphical quantification of MMP9 activ 
below and herein incorporated by reference . The informa ity with the multifunctional nanoparticle ( NP ) . The bars 
tion recorded in computer readable form is identical to the 35 represent the percent of total activity that was found in the 
written sequence listing , according to 37 C . F . R . 1 . 821 ( f ) . supernatant solution after 1 . 5 hour incubation with MMP9 . 

FIG . 6 depicts graphs illustrating the results of high 
BACKGROUND OF THE INVENTION performance liquid chromatography of supernatant solutions 

after incubation of 64Cu - labeled nanoparticles ( a ) with 
Imaging agents that activate under specific conditions , for 40 MMP9 or ( b ) without MMP9 . 

example under low pH or in the presence of an enzyme , have FIG . 7 depicts imaging results from a SPECT phantom 
the ability to provide molecular , biological , and physiologi - study with dual - radiolabeled nanoparticles ( bottom right ) , 
cally specific contrast . Most often , these activatable probes along with " In control ( bottom left ) and 1251 control . X - ray 
are optical in nature , wherein an emitter is linked with a CT of vials along with ( left panel ) 200 keV energy SPECT 
quencher by a cleavable domain . This has allowed for the 45 channel , ( middle panel ) 28 keV energy SPECT channel , and 
characterization and imaging of not just binding events , but ( right panel ) merged energy SPECT channels . 
other biological processes such as enzyme activity . The FIG . 8 depicts SPECT / CT imaging of mice 4 hours after 
activatable optical contrast agents , however , are hampered injection with the dual - radiolabeled nanoparticles . X - ray CT 
by their poor tissue penetration , which has limited their can be seen with ( left panel ) 200 keV SPECT channel , 
clinical translatability in many areas . Therefore , a nuclear 50 ( middle panel ) 28 keV SPECT channel , and ( right panel ) 
activatable alternative is highly desired in order to fulfill the merged energy SPECT channels . 
promise of this class of imaging agent . FIG . 9 depicts a western blot for MMP - 9 of ( 1 ) 4T1Luc 

and ( 2 ) A431 cells used to grow in vivo tumors . 
SUMMARY OF THE INVENTION FIG . 10 depicts SPECT / CT imaging of ( a ) A431 tumor 

55 bearing and ( b ) 4T1Luc - tumor bearing mice 24 hours after 
In an aspect , the present invention encompasses a com - injection using the 200 keV energy channel . 

position . The composition comprises a cleavable peptide FIG . 11 depicts graphs of biodistribution from mice 
and two distinct radionuclides , wherein the radionuclides are sacrificed after the 48 hour imaging time point . 
separated by a site susceptible to cleavage by an enzyme and FIG . 12 depicts a schematic of the synthesis of 199 Au 
can be spectrally differentiated . 60 containing gold nanocrystals ( 199Au NCs ) . 

In another aspect , the present invention encompasses a FIG . 13 depicts imaging from the longs of mice intratra 
method of detecting enzyme activity associated with a cheally injected with 199 Au gold and 125 Au - labeled gold 
disease or condition in a subject . The method comprises ( a ) nanoparticle constructs imaged immediately , 3 hours post 
administering to the subject an effective amount of a com - injection , and 24 hours post - injection . 
position comprising : a cleavable peptide and a first and 65 FIG . 14 depicts a schematic of lllIn - labeled 199 Au - doped 
second radionuclide , wherein the first and second radionu - gold nanocrystals . 
clide are separated by a site susceptible to cleavage by an FIG . 15 depicts phantom SPECT imaging . 
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FIG . 16 depicts ratiometric lung imaging of activation in with various reconstruction options ; the standard number of 
the lung immediately post - injection and 96 hours post - iterations ( 9 ) and standard pixel size ( 0 . 3 mm ) were used in 
injection and a graph depicting standardized uptake values the reconstruction for all low , medium , and high background 
in the lungs . corrections ( i . e . LSS , MSS , HSS ) , and the BC , SP , and SV 

FIG . 17 depicts ratiometric imaging of the lungs of mice 5 options were separately applied to the MSS reconstruction . 
injected with dual - labeled nanocrystals that had been incu - FIG . 30 depicts the radio - HPLC chromatogram of 121 
bated with MMP9 , LS734 at two different time points . The radio - HPLC - QC 

FIG . 18 depicts activation by MMP9 in the kidney , lung , trace obtained right after the purification of the iodinated 
and bladder by ratiometric imaging of mice immediately product ( LS734 ) . The sample was stored in PBS for up to 48 
post - injection , 5 hours post - injection , and 24 hours post - 10 h ( a ) . The radio - HPLC - QC trace obtained at 48 h ( b ) . 
injection ( A ) , a graph quantifying the post - injection ratios 
( B ) , a graph quantifying ratios 5 hours post - injection ( C ) , DETAILED DESCRIPTION OF THE 
and a graph quantifying ratios 24 hours post - injection ( D ) . INVENTION 

FIG . 19 depicts structures of LS370 ( SEQ ID NO : 5 ) ( a ) 
and LS734 ( SEO ID NO : 6 ) ( b ) . 15 Single photon emission computed tomography ( SPECT ) 

FIG . 20 depicts images of vials containing either 1251 or radionuclide pairs having distinct decay rates and different 
111 In scanned with SPECT / CT . Raw ( a , b ) and unmixed ( c , d ) energy maxima enable simultaneous detection of dual 
images were constructed from signals collected in two gamma signals and real - time assessment of dynamic func 
energy windows ( 20 - 40 keV and 170 - 250 keV ) . tional and molecular processes in vivo . Disclosed herein is 

FIG . 21 depicts a radiochromatogram of [ 1251 ] LS370 20 a molecular framework for developing and using dual radio 
hydrolysis by caspase - 3 ( 90 min ) . The [ 125I ] LS370 eluted at nuclide - labeled imaging agents for the molecular imaging of 
19 . 5 min . Cleaved fragments eluted at 12 . 5 and 13 min . aberrant intracellular or extracellular proteases . The com 

FIG . 22 depicts cell - uptake of [ 1251 ] LS370 and [ 1251 ] positions disclosed herein may be used to determine enzyme 
LS734 after 2 h incubation in the presence and absence of activity and ultimately therapeutic response which can help 
treatment ( a ) and depicts the efflux profile of [ 1251 ] LS734 25 identify nonresponders at early time points , giving an oppor 
( b ) . tunity to apply an alternative and potentially more effective 

FIG . 23 depicts tissue bio - distribution of 1251 ] LS370 and treatment . The inventors have shown that cleavable peptides 
[ 1251 ] LS734 1 h after administration of 4 - 7 uCi of the may be radiolabeled with different radionuclides , specifi 
respective radiopharmaceutical . cally dual SPECT isotopes , 1251 with 99m Tc or 11lIn . Results 

FIG . 24 depicts SPECT - CT images ( single slice ) after 30 demonstrate the potential of using multiradionuclide - resolv 
unmixing for high energy window for " In detection ( 170 - ing power of clinically useful SPECT for noninvasively 
250 keV ) and for low energy window consisting of primarily monitoring treatment response . 
1251 activity ( 20 - 40 keV ) , collected at 4 h after injection of I . Composition 
[ 111In ] - [ 1251 ] LS734 . ( a , b ) llIn window : higher activity was In an aspect , the present invention encompasses a com 
detected in the treated tumor ( T ) than the saline control 35 position comprising : a cleavable peptide and two distinct 
treated tumor ( C ) . The kidneys ( K ) had highest signal radionuclides , wherein the radionuclides are separated by a 
followed by the liver ( L ) indicating fast clearance of the site susceptible to cleavage by an enzyme and can be 
Til In labeled probe and fragments . ( c , d ) 1251 window : activ - spectrally differentiated . 
ity was detected in both tumors , presumably preferential I n another aspect , the present invention encompasses a 
retention of the lipophilic fragment although activity gas - 40 composition comprising : a nanoparticle , a cleavable peptide 
trointestinal tract ( GI ) and thyroid glands indicates partial and two distinct radionuclides , wherein the radionuclides are 
physiological deiodination , most likely a function of normal separated by a site susceptible to cleavage by an enzyme and 
as well as tumor mediated . Therefore , reported SUV values can be spectrally differentiated . In certain embodiments , the 
for 1251 include peptide - bound and free fractions . High radionuclides are both conjugated to the cleavable peptide 
activity in the liver and GI indicates hepatobiliary clearance 45 on either side of the site susceptible to cleavage by an 
of the lipophilic 1251 fragments . enzyme . In other embodiments , the nanoparticle comprises 

FIG . 25 depicts decay counts of 1251 and 99m Tc in LS370 . a radionuclide and the cleavable peptide comprises a radio 
FIG . 26 depicts tissue bio - distribution of 125I - LS370 and nuclide , such that cleavage of the peptide releases the 

1251 - LS734 in tumor naïve Balb / c mice after 1 h of admin - radionuclide conjugated to the peptide . 
istration of 4 - 7 uCi of the respective radiopharmaceutical . 50 ( a ) Cleavable Peptide 

FIG . 27 depicts biodistribution analysis for 1251 and 11lIn T he present disclosure encompasses cleavable peptides . 
fragments of LS734 in mouse tissues 4 h after intravenous By " peptide " is meant an amino acid sequence that includes 
injection . The 30 keV signal is mixture of 1251 and 11lin 5 or more amino acid residues . “ Peptide ” refers to both short 
decay and demonstrates significant difference in biodistri chains , commonly referred to as peptides , oligopeptides , or 
bution from the 11lIn individual signal about 200 keV . 55 oligomers , and to longer chains , up to about 100 residues in 

FIG . 28 depicts the ratio of the mean ROI value and the length . A peptide may comprise about 5 or more amino 
reference mean ROI value vs the scan duration ( counting acids . For example , a peptide may comprise about 5 or more , 
statistics ) with various reconstruction options . The standard about 10 or more , about 15 or more , about 20 or more , about 
number of iterations ( 9 ) and standard pixel size ( 0 . 3 mm ) 25 or more , about 30 or more , about 35 or more , about 40 
were used in the reconstruction for all low , medium , and 60 or more , about 45 or more , about 50 or more , about 55 or 
high background corrections ( i . e . LSS , MSS , HSS corre - more , about 60 or more , about 65 or more , about 70 or more , 
sponding to Low , Medium and High background correction about 75 or more , about 80 or more , about 85 or more , about 
for Standard number of iteration ( 9 ) and Standard pixel size 90 or more , about 95 or more , or about 100 or more amino 
0 . 3 mm ) , and the BC , SP , and SV options were separately acids . In certain embodiments , a peptide may comprise 5 , 6 , 
applied to the MSS reconstruction . 65 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 

FIG . 29 depicts the coefficient of variation ( STD / mean ) 24 or 25 amino acids . In an embodiment , a peptide may 
for the ROI values vs the scan duration ( counting statistics ) comprise about 5 to about 10 amino acids . In other embodi 
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ments , a peptide may comprise from about 10 to about 20 limiting examples of suitable MMPs for which a sensitive 
amino acids . In a different embodiment , a peptide may site may be designed include collagenases ( MMP1 , MMP8 , 
comprise from about 20 to about 25 amino acids . In still MMP13 ) , matrilysin ( MMP7 , MMP26 ) , metalloelastase 
other embodiments , a peptide may comprise from about 10 ( MMP12 ) , gelatinases ( MMP2 , MMP9 ) , enamelysin 
to about 15 amino acids . In yet other embodiments , a peptide 5 ( MMP20 ) , stromelysins ( MMP3 , MMP10 , MMP11 ) , mem 
may comprise from about 15 to about 20 amino acids . In a brane - type MMPs ( MMP14 , MMP15 , MMP16 , MMP17 , 
specific embodiment , a peptide may comprise about 13 MMP24 , MMP25 ) , and other ( MMP19 , MMP21 , 
amino acids . In another specific embodiment , a peptide may MMP23A , MMP23B , MMP27 , MMP28 ) . In an exemplary 
comprise about 9 amino acids . In still another specific embodiment , the cleavable peptide comprises a MMP9 
embodiment , a peptide may comprise about 21 amino acids . 10 sensitive site . In another exemplary embodiment , the cleav 

A peptide may comprise a positively charged or hydro able peptide comprises SEQ ID NO : 1 ( Gly - Pro - Leu - Gly 
philic amino acid sequence and / or a hydrophobic amino acid Val - Arg - Gly - Lys - Gly - Tyr - Gly - Ahx - Cys ) . 
sequence . Without wishing to be bound by theory , positively A peptide of the invention may be subject to various 
charged or hydrophilic amino acids may enhance internal changes , substitutions , insertions , and deletions where such 
ization of the peptide . In a specific embodiment , a peptide 15 changes provide for certain advantages in its use . Thus , the 
may comprise a hydrophilic amino acid sequence and a invention encompasses any of a variety of forms of peptide 
hydrophobic amino acid sequence separated by a site sus derivatives that include amides , conjugates with proteins , 
ceptible to cleavage . Non - limiting examples of positively cyclized peptides , polymerized peptides , conservatively 
charged amino acids include arginine , lysine and ornithine . substituted variants , analogs , fragments , peptoids , chemi 
Non - limiting examples of hydrophobic amino acids include 20 cally modified peptides , peptide mimetics , and replacement 
alanine , isoleucine , leucine , phenylalanine , valine , proline , of Adenoviral knob ( See , for example , Mathis et al . , Onco 
glycine and aminocaproic acid . In a specific embodiment , a gene 2005 ; 24 : 7775 - 7791 ) . 
hydrophilic amino acid sequence may comprise SEQ ID Peptides of the invention may comprise naturally occur 
NO : 3 ( Gly - Arg - Arg - Arg - Orn - Arg - Arg - Lys - Lys - Arg - Lys ) . ring amino acids , synthetic amino acids , genetically encoded 
In another specific embodiment , a hydrophobic amino acid 25 amino acids , non - genetically encoded amino acids , and 
sequence may comprise SEQ ID NO : 4 ( Tyr - Leu - Ala - Ile - combinations thereof . Peptides may include both L - form 
Ahx - Pro - Ala ) . and D - form amino acids . 

A " cleavable peptide ” as used herein is a peptide that Representative non - genetically encoded amino acids may 
comprises a site susceptible to cleavage by an enzyme . In include but are not limited to 2 - aminoadipic acid ; 3 - amino 
specific embodiments , the enzyme is an enzyme that is 30 adipic acid ; B - aminopropionic acid ; 2 - aminobutyric acid ; 
associated with a disease or condition . In some embodi 4 - aminobutyric acid ( piperidinic acid ) ; 6 - aminocaproic acid 
ments the disease or condition is cancer , cardiovascular ( Ahx ) ; 2 - aminoheptanoic acid ; 2 - aminoisobutyric acid ; 
disease , arthritis , viral , bacterial , parasitic or fungal infec - 3 - aminoisobutyric acid ; 2 - aminopimelic acid ; 2 , 4 - diamin 
tion , Alzheimer ' s disease , emphysema , thrombosis , hemo obutyric acid ; desmosine ; 2 , 2 - diaminopimelic acid ; 2 , 3 
philia , stroke , organ dysfunction , any inflammatory condi - 35 diaminopropionic acid ; N - ethylglycine ; N - ethylasparagine ; 
tion , vascular disease , parenchymal disease , or a hydroxylysine ; allo - hydroxylysine ; 3 - hydroxyproline ; 4 - hy 
pharmacologically - induced state . Non - limiting examples of droxyproline ; isodesmosine ; allo - isoleucine ; N - methylgly 
sites susceptible to cleavage include a MMP sensitive site , a cine ( sarcosine ) ; N - methylisoleucine ; N - methylvaline ; nor 
caspase - sensitive site , a kallikrein sensitive site , a cathepsin valine ; norleucine ; and ornithine . 
sensitive site , a plasminogen activator sensitive site and / or 40 Representative derivatized amino acids may include for 
an ADAM sensitive site . In certain embodiments , the cleav - example , those molecules in which free amino groups have 
able peptide comprises a caspase - sensitive site . Caspases , or been derivatized to form amine hydrochlorides , p - toluene 
cysteine - aspartic proteases or cysteine - dependent aspartate - sulfonyl groups , carbobenzoxy groups , t - butyloxycarbonyl 
directed proteases , are a family of cysteine proteases that groups , chloroacetyl groups or formyl groups . Free carboxyl 
play essential roles in apoptosis ( programmed cell death ) , 45 groups can be derivatized to form salts , methyl and ethyl 
necrosis , and inflammation . There are two types of apoptotic esters or other types of esters or hydrazides . Free hydroxyl 
caspases : initiator ( apical ) caspases and effector ( execu groups can be derivatized to form O - acyl or O - alkyl deriva 
tioner ) caspases . Initiator caspases ( e . g . , caspase - 2 , caspase - tives . The imidazole nitrogen of histidine can be derivatized 
8 , caspase - 9 , and caspase - 10 ) cleave inactive pro - forms of to form N - im - benzylhistidine . 
effector caspases , thereby activating them . Effector caspases 50 The term " conservatively substituted variant ” refers to a 
( e . g . , caspase - 3 , caspase - 6 , caspase - 7 ) in turn cleave other peptide comprising an amino acid residue sequence similar 
protein substrates within the cell , to trigger the apoptotic to a sequence of a reference peptide in which one or more 
process . In a specific embodiment , the cleavable peptide residues have been conservatively substituted with a func 
comprises a caspase - 3 or caspase - 7 sensitive site . The cas - tionally similar residue and which displays the activity as 
pase - sensitive site may comprise SEQ ID NO : 2 ( Asp - Glu - 55 described herein . The phrase " conservatively substituted 
Val - Asp ) . In certain embodiments , the cleavable peptide variant ” also includes peptides wherein a residue is replaced 
comprises a MMP sensitive site . MMPs ( matrix metallopro - with a chemically derivatized residue , provided that the 
teinases ) are zinc - dependent endopeptidases capable of resulting peptide displays activity as disclosed herein . 
degrading all kinds of extracellular matrix proteins , but also Examples of conservative substitutions include the sub 
can process a number of bioactive molecules . MMPs are 60 stitution of one non - polar ( hydrophobic ) residue such as 
known to be involved in the cleavage of cell surface recep - isoleucine , valine , leucine or methionine for another ; the 
tors , the release of apoptotic ligands ( such as the FAS substitution of one polar ( hydrophilic ) residue for another 
ligand ) , and chemokine / cytokine inactivation . MMPs are such as between arginine and lysine , between glutamine and 
also thought to play a major role on cell behaviors such as asparagine , between glycine and serine ; the substitution of 
cell proliferation , migration ( adhesion dispersion ) , differen - 65 one basic residue such as lysine , arginine or histidine for 
tiation , angiogenesis , apoptosis , and host defense . MMPs another ; or the substitution of one acidic residue , such as 
may be classified based on their functional activity . Non aspartic acid or glutamic acid for another . 
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Peptides of the present invention also include peptides acid , fumaric acid , anthranilic acid , cinnamic acid , naphtha 
comprising one or more additions and / or deletions or resi - lene sulfonic acid , sulfanilic acid or the like . 
dues relative to the sequence of a peptide whose sequence is Suitable bases capable of forming salts with the peptides 
disclosed herein , so long as the requisite activity of the of the present invention include inorganic bases such as 
peptide is maintained . The term “ fragment ” refers to a 5 sodium hydroxide , ammonium hydroxide , potassium 
peptide comprising an amino acid residue sequence shorter hydroxide and the like ; and organic bases such as mono - di 
than that of a peptide disclosed herein . and tri - alkyl and aryl amines ( e . g . triethylamine , diisopropyl 

In addition , a peptide can be modified by terminal - NH , amine , methyl amine , dimethyl amine and the like ) , and 
acylation ( e . g . , acetylation , or thioglycolic acid amidation optionally substituted ethanolamines ( e . g . ethanolamine , 
or by terminal - carboxylamidation ( e . g . , with ammonia , 10 diethanolamine and the like ) . 
methylamine , and the like terminal modifications ) . Terminal 
modifications are useful , as is well known , to reduce sus ( i ) Chelating Agent 
ceptibility by proteinase digestion , and therefore serve to 
prolong half life of the peptides in solutions , particularly A cleavable peptide of the invention may be coupled to a 
biological fluids where proteases can be present . In a specific 15 chelating agent . The chelating agent may be directly coupled 
embodiment , a peptide comprises a terminal - NH , acylation to the peptide or may be coupled to a linker that is coupled 
In certain embodiment , the terminal - NH , acylation is acety to the peptide . As used herein , a " chelating agent ” is a 
lation . molecule that forms multiple chemical bonds with a single 

The term “ peptoid ” as used herein refers to a peptide metal atom . Prior to forming the bonds , the chelating agent 
wherein one or more of the peptide bonds are replaced by 20 has more than one pair of unshared electrons . The bonds are 
pseudopeptide bonds including but not limited to a carba formed by sharing pairs of electrons with the metal atom . 
bond ( CH2 - CH ) , a depsi bond ( COMO ) , a hydroxyeth - Examples of chelating agents include , but are not limited 
ylene bond ( CHOH - CH2 ) , a ketomethylene bond ( CO — to , iminodicarboxylic and polyaminopolycarboxylic reac 
CH , ) , a methylene - oxy bond ( CH , — O ) , a reduced bond tive groups , diethylenetriaminepentaacetic acid ( DTPA ) , 
( CH , — NH ) , a thiomethylene bond ( CH - S ) , a thiopeptide 25 1 , 4 , 7 , 10 - tetraazacyclododecane - 1 , 4 , 7 , 10 - tetraacetic acid 
bond ( CS - NH ) , and an N - modified bond ( NRCO — ) . ( DOTA ) , tetramethyl heptanedionate ( TMHD ) , 2 , 4 - pen 
See e . g . Corringer et al . ( 1993 ) J Med Chem 36 : 166 - 172 ; tanedione , ethylenediamine - tetraacetic acid disodium salt 
Garbay - Jauregiuberry et al . ( 1992 ) Int J Pept Protein Res ( EDTA ) , ethyleneglycol - 0 , 0 ' - bis ( 2 - aminoethyl ) - N , N , N ' , N ' 
39 : 523 - 527 ; Tung et al . ( 1992 ) Pept Res 5 : 115 - 118 ; Urge et tetraacetic acid ( EGTA ) , N - ( 2 - hydroxyethyl ) ethylenedi 
al . ( 1992 ) Carbohydr Res 235 : 83 - 93 ; Pavone et al . ( 1993 ) 30 amine - N , N ' , N ' - triacetic acid trisodium salt ( HEDTA ) , 
Int J Pept Protein Res 41 : 15 - 20 . nitrilotriacetic acid ( NTA ) , and 1 , 4 , 8 , 11 - tetraazacyclotetra 

Peptides of the present invention , including peptoids , may decane - N , N ' , N " , N ' " - tetraacetic acid ( TETA ) , deferoxamine 
be synthesized by any of the techniques that are known to ( DFO ) , and derivatives thereof . In a specific embodiment , 
those skilled in the art of peptide synthesis . Synthetic the chelating agent is diethylenetriaminepentaacetic acid 
chemistry techniques , such as a solid - phase Merrifield - type 35 ( DTPA ) . In another specific embodiment , the chelating 
synthesis , may be preferred for reasons of purity , antigenic agent is 1 , 4 , 7 , 10 - tetraazacyclododecane - 1 , 4 , 7 , 10 - tetraacetic 
specificity , freedom from undesired side products , ease of acid ( DOTA ) . 
production and the like . A summary of representative tech - Chelating agents may be attached to a cleavable peptide 
niques can be found in Stewart & Young ( 1969 ) Solid Phase of the invention , using the methods generally described in 
Peptide Synthesis . Freeman , San Francisco ; Merrifield 40 Liu et al . , Bioconjugate Chew . 12 ( 4 ) : 653 , 2001 ; Alter et al . , 
( 1969 ) Adv Enzymol Relat Areas Mol Biol 32 : 221 - 296 ; U . S . Pat . No . 5 , 753 , 627 ; and PCT Publication No . WO 
Fields & Noble ( 1990 ) Int J Pept Protein Res 35 : 161 - 214 ; 91 / 01144 ; each of which is hereby incorporated by refer 
and Bodanszky ( 1993 ) Principles of Peptide Synthesis . 2nd ence . A cleavable peptide of the invention may be coupled 
rev . ed . Springer - Verlag , Berlin ; New York . Solid phase to a chelating agent by reacting the free carboxyl group of 
synthesis techniques can be found in Andersson et al . ( 2000 ) 45 the C - terminal residue of the peptide with an appropriate 
Biopolymers 55 : 227 - 250 , references cited therein , and in functional group of the chelator . For example , a peptide may 
U . S . Pat . Nos . 6 , 015 , 561 , 6 , 015 , 881 , 6 , 031 , 071 , and 4 , 244 , be coupled to the chelator 1 , 4 , 7 , 10 - tetraazacyclododecane 
946 . Peptide synthesis in solution is described by Schröder 1 , 4 , 7 , 10 - tetraacetic acid ( DOTA ) , common in the art of 
& Lübke ( 1965 ) The Peptides . Academic Press , New York . coordination chemistry . Alternatively , a cleavable peptide of 
Appropriate protective groups usable in such synthesis are 50 the invention may be coupled to a chelating agent by 
described in the above texts and in McOmie ( 1973 ) Protec - reacting the free amino group of the N - terminal residue of 
tive Groups in Organic Chemistry . Plenum Press , London , the peptide with an appropriate functional group of the 
New York . Peptides that include naturally occurring amino chelator , such as a carboxyl group or activated ester . For 
acids can also be produced using recombinant DNA tech - example , a peptide may be coupled to the chelator diethyl 
nology . In addition , peptides comprising a specified amino 55 enetriaminepentaacetic acid ( DTPA ) , common in the art of 
acid sequence can be purchased from commercial sources coordination chemistry , when functionalized with a carboxyl 
( e . g . , Biopeptide Co . , LLC of San Diego , Calif . and Pepti substituent on the ethylene chain . Synthesis of EDTA deriva 
doGenics of Livermore , Calif . ) . tives of this type are reported in Arya et al . , ( Bioconjugate 

Any peptide or peptide mimetic of the present invention Chemistry . 2 : 323 , 1991 ) , wherein the four coordinating 
may be used in the form of a pharmaceutically acceptable 60 carboxyl groups are each blocked with a t - butyl group while 
salt . Suitable acids which are capable of forming a pharma - the carboxyl substituent on the ethylene chain is free to react 
ceutically acceptable salt with the peptides of the present with the amino group of the peptide thereby forming a 
invention include inorganic acids such as trifluoroacetic acid conjugate . 
( TFA ) , hydrochloric acid ( HCl ) , hydrobromic acid , perchlo - A cleavable peptide of the invention may be coupled to a 
ric acid , nitric acid , thiocyanic acid , sulfuric acid , phos - 65 metal chelator component that is peptidic , i . e . , compatible 
phoric acetic acid , propionic acid , glycolic acid , lactic acid , with solid - phase peptide synthesis . In this case , the chelator 
pyruvic acid , oxalic acid , malonic acid , succinic acid , maleic may be coupled to the cleavable peptide of the invention in 
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the same manner as DTPA or DOTA described above or 105 Ag , 106Ag , 108In , 10 % In , 11•In , 115Sb , 116Sb , 117Sb , 115 Te , 
more conveniently the chelator and agent are synthesized in 116Te , 117Te , 1171 , 1181 , 118Xe , 119Xe , 1191 , 119 Te , 1201 , 120Xe , 
tato starting from the C - terminal or N - terminal residue of the 121Xe , 1211 , 1221 , 123Xe , 1241 , 1261 , 1281 , 129La , 130La , 131La , 
peptide and ending with the N - terminal or C - terminal resi 132 La , 133La , 135La , 136La , 140Sm , 141Sm , 142Sm , 144Gd , 
due of the chelator . 5 145Gd , 145 Eu , 146Gd , 146Eu , 147Eu , 147Gd , 148Eu , 150Eu , 

A cleavable peptide of the invention may be complexed , 190 Au , 191 Au , 192 Au , 193 Au , 198 Au , 199Au , 193T1 , 194T1 . 
through its attached chelating agent , to a radionuclide , 194 Au , 195T1 , 196T1 , 197T1 , 198T1 , 200T1 , 200Bi , 202B1 , 203Bi , 
thereby resulting in a peptide that is indirectly labeled . A 205Bi or 206Bi , a radionuclide that decays via B - decay such 
radionuclide is described in more detail below . as H , 14C , 355 , 32P , 1311 , 59Fe , 60Co , Cu , 89 Sr , 90Sr , 9oy , 

10 99Mo , 133Xe , 137Cs , 153Sm , 177Lu or 186Re , or a radionuclide 
( ii ) Radionuclide that decays via electron capture such as 11lIn , 1231 , 1251 , 

201T1 , 676a , 51Cr , 57 Co , 58 Co , 62 Zn or 82Sr . Most specifi 
A cleavable peptide of the invention may further comprise cally , it may be 18F , 11C , 13N , 150 , 60 Cu , 64Cu , 67 Cu , 1241 , 

at least one radionuclide . In certain embodiments , a cleav - 68 Ga , 52 Fe , 58 Co , 3H , 14C , 35S , 32P , 1311 , 59Fe , 60Co , 89Sr . 
able peptide comprises one radionuclide . In other embodi - 15 90Sr , 90Y , 99Mo , 133Xe , 137Cs , 153Sm , 177Lu , 186Re , 1231 , 
ments , a cleavable peptide comprises two radionuclides . In 1251 , 201Ti or 67Ga , but is not limited thereto . Since other 
still other embodiments , a cleavable peptide may comprise radionuclides that do not decay via ßt , ß - or electron capture 
more than two radionuclides . can also emit light , they may also be used as the radionuclide 

In the embodiment where the cleavable peptide comprises of the present disclosure . In certain embodiments , a radio 
two radionuclides , spectrally distinct radionuclides are con - 20 nuclide may be selected from the group consisting of " In , 
jugated on either side of the site susceptible to cleavage by 1251 , 64Cu , 198 Au , 199Au , 99m Tc , and 1231 . In a specific 
an enzyme . A radionuclide may be conjugated to the cleav embodiment , a radionuclide may be selected from the group 
able peptide via tyrosine residue , a chelating agent , and / or a consisting of 111In , 1251 , 54 Cu , 198 Au , and 199Au . 
Lys - Gly - Cys group . In an embodiment , one radionuclide A first radionuclide and a second radionuclide are incor 
may be conjugated to the peptide via a tyrosine residue and 25 porated into a composition as described above provided they 
one radionuclide may be complexed to the peptide via a are spectrally distinct . By spectrally distinct is meant that 
chelating agent . In another embodiment , one radionuclide they can be spectrally differentiated upon imaging . In a 
may be conjugated to the peptide via a tyrosine residue and specific embodiment , gamma rays of the first and second 
one radionuclide may be conjugated to the peptide via a radionuclide have minimal overlapping signal in the accep 
Lys - Gly - Cys group . In still another embodiment , one radio - 30 tance energy window for SPECT imaging . However , this is 
nuclide may be conjugated to the radionuclide via a chelat - not always possible , thus use of radionuclides with an 
ing agent and another radionuclide may be conjugated to the overlapping signal may be used . In such an embodiment , the 
peptide via a Lys - Gly - Cys group . The cleavable peptide overlap is removed in a quantifiable and reproducible man 
comprising two radionuclides may be further conjugated to ner . For example , this may be done via methods described in 
a particle . A particle is described in more detail in Section 35 Example 6 and the Methods for Examples 4 - 10 . In a specific 
I ( b ) below . embodiment , a first radionuclide is 121 and a second radio 

In the embodiment where a cleavable peptide comprises nuclide is 64 Cu or 111In . In another specific embodiment , a 
one radionuclide , the cleavable peptide may be further first radionuclide is 199Au and a second radionuclide is 111 In . 
conjugated to a particle comprising a spectrally distinct In still another specific embodiment , a first radionuclide is 
radionuclide . A particle comprising a radionuclide is 40 1251 and a second radionuclide is 99m Tc . 
described in more detail in Section I ( b ) below . In the As described above , a radionuclide may be conjugated 
foregoing embodiment , cleavage of the peptide releases the directly to a peptide without the use of a chelating agent . For 
radionuclide from the particle . A radionuclide may be con - example , a radioactive iodine label ( e . g . , 1221 , 1231 , 1241 , 1251 , 
jugated to the cleavable peptide via tyrosine residue , a or 1311 ) is capable of being conjugated to each D - or L - Tyr 
chelating agent , or a Lys - Gly - Cys group . In an embodiment , 45 or D - or L - 4 - amino - Phe residue present in a peptide of the 
the radionuclide may be complexed to the peptide via a invention . In an embodiment , a tyrosine residue of a peptide 
chelating agent . In another embodiment , the radionuclide of the invention may be halogenated . Halogens include 
may be conjugated to the peptide via a tyrosine residue . In fluorine , chlorine , bromine , iodine , and astatine . Such halo 
still another embodiment , radionuclide may be conjugated to genated peptides of the invention may be detectably labeled 
the peptide via a Lys - Gly - Cys group . In a specific embodi - 50 if the halogen is a radioisotope , such as , for example , 18F , 
ment , a cleavable peptide is conjugated to a particle via a 78Br , 77Br , 1221 , 1231 , 1241 , 1251 , 1291 , 1311 , 211 At . Halogenated 
cysteine residue . In another specific embodiment , a cleav - peptides of the invention contain a halogen covalently bound 
able peptide is conjugated to a particle via a polyethylene to at least one amino acid , and preferably to D - Tyr residues 
glycol that is conjugated to the particle . present in the peptide . Alternatively , 99m Tc label is capable 

A radionuclide may be a y - emitting radionuclide , Auger - 55 of being conjugated to a - Lys - Gly - Cys - group . As such , a 
emitting radionuclide , ß - emitting radionuclide , an a - emit - peptide of the invention may comprise a - Lys - Gly - Cys 
ting radionuclide , or a positron - emitting radionuclide . A group for 99m Tc labeling . 
radionuclide may also be a therapeutic agent . A radionuclide 
employed in the present invention may be a radionuclide ( iii ) Polyethylene Glycol 
that decays via B + decay such as 1°C , 11C , 130 , 140 , 150 , 60 
12N , 13N , 15F , 18F , 18F - FDG , 32C1 , 33 C1 , 34C1 , 43Sc , 44Sc , A cleavable peptide of the invention may comprise poly 
45Ti , 51 Mn , 52 Mn , 52 Fe , 53Fe , 55 Co , 56 Co , 58 Co , 1 Cu , 62Cu , ethylene glycol ( PEG ) . The PEG may be conjugated directly 
62Zn , 63 Zn , 64Cu , 65 Zn , 66Ga , 666e , 67 Ge , 68 Ga , 69Ge , 69 As , to the peptide via functional group or the PEG may be 
70 As , 7°Se , 71 As , 73Se , 74Kr , 74Br , 75Br , 76Br , 77Br , 77Kr , conjugated to the peptide via a linker . Any suitable linker to 
78Br , 78Rb , 79Rb , 79Kr , 81Rb , 82Rb , 84 Rb , 84Zr , 85Y , 86Y , 87Y , 65 conjugate PEG to a peptide may be used . For example , a 
87Zr , 88Y , 89Zr , 92Tc , 93Tc , 94Tc , 95Tc , 95Ru , 95Rh , 96Rh , linker may be a peptide linker , an alkyl linker , a non 
97Rh , 98Rh , 9Rh , 100Rh , 101 Ag , 102Ag , 102Rh , 103 Ag , 104 Ag , cleavable linker , or a combination thereof . In a specific 
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embodiment , the linker may be a DBCO - maleimide linker . and a chelating agent for complexing with 11lIn . In still 
Any suitable PEG may be used in a peptide of the invention . another specific embodiment , a peptide comprises SEQ ID 
PEGs are available in a range of molecular weights from 300 NO : 1 ( Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - Gly - Tyr - Gly 
g / mol to Ser . No . 10 / 000 , 000 g / mol . A PEG suitable in a Ahx - Cys ) , wherein the cysteine is conjugated to the nano 
peptide of the invention may be from about 1 , 000 g / mol to 5 particle and a chelating agent is conjugated to the glycine . 
about 20 , 000 g / mol . Alternatively , a PEG suitable in a In yet still another different specific embodiment , a pep 
peptide of the invention may be from about 1 , 000 g / mol to tide comprises a MMP9 sensitive site , a PEG , and a chelat 
about 10 , 000 g / mol . In another embodiment , a PEG suitable ing agent for radiolabeling . In another specific embodiment , 
in a peptide of the invention may be from about 5 , 000 g / mol a peptide comprises a MMP9 sensitive site , a PEG , and a 
to about 10 , 000 g / mol . In a specific embodiment , a PEG 10 chelating agent for complexing with " In . In still another 
suitable in a peptide of the invention may be 5 , 000 g / mol . specific embodiment , a peptide comprises SEQ ID NO : 1 

( Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - Gly - Tyr - Gly - Ahx 
( iv ) Specific Embodiments Cys ) , wherein the cysteine is conjugated to a PEG and a 

chelating agent is conjugated to the glycine . In still yet 
In a specific embodiment , a peptide comprises a caspase - 3 15 another specific embodiment , a peptide comprises SEQ ID 

sensitive site , a tyrosine for radiolabeling and a - Lys - Gly - NO : 1 ( Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - Gly - Tyr - Gly 
Cys - group for radiolabeling . In another specific embodi - Ahx - Cys ) , wherein the cysteine is conjugated to a PEG , the 
ment , a peptide comprises a caspase - 3 sensitive site , a PEG is conjugated to a nanoparticle , and a chelating agent 
tyrosine for conjugation to 1251 and a - Lys - Gly - Cys - group is conjugated to the glycine . 
for conjugation to 99m Tc . In still another specific embodi - 20 ( b ) Particle 
ment , a peptide comprises SEQ ID NO : 2 ( Asp - Glu - Val - A composition of the invention further comprises a par 
Asp ) , a tyrosine for radiolabeling and a - Lys - Gly - Cys - group ticle . As used herein the term " particle ” includes nanopar 
for radiolabeling . In yet still another specific embodiment , a ticles as well as microparticles . Nanoparticles are defined as 
peptide comprises SEQ ID NO : 5 ( Ahx - Tyr - Ahx - Asp - Glu - particles of less than 1 . 0 um in diameter . A preparation of 
Val - Asp - Gly - Lys - Gly - Cys ) . In certain embodiments , the 25 nanoparticles includes particles having an average particle 
peptide comprises a terminal - NH , acylation . Specifically , size of less than 1 . 0 um in diameter . Microparticles are 
the terminal - NH , acylation is acetylation . particles of greater than 1 . 0 um in diameter but less than 1 

In a different specific embodiment , a peptide comprises a mm . A preparation of microparticles includes particles hav 
caspase - 3 sensitive site , a tyrosine for radiolabeling and a ing an average particle size of greater than 1 . 0 um in 
chelating agent for radiolabeling . In another specific 30 diameter . The microparticles may therefore have a diameter 
embodiment , a peptide comprises a caspase - 3 sensitive site , of at least 5 , at least 10 , at least 25 , at least 50 , or at least 75 
a tyrosine for conjugation to 1251 and a chelating agent for microns , including sizes in ranges of 5 - 10 microns , 5 - 15 
complexing with " In . In still another specific embodiment , microns , 5 - 20 microns , 5 - 30 microns , 5 - 40 microns , or 5 - 50 
a peptide comprises SEQ ID NO : 2 ( Asp - Glu - Val - Asp ) , a microns . A composition of particles may have heteroge 
tyrosine for radiolabeling and a chelating agent for radiola - 35 neous size distributions ranging from 1 nm to mm sizes . In 
beling . In yet still another specific embodiment , a peptide a specific embodiment , a particle of the invention is a 
comprises a hydrophobic portion and a hydrophilic portion nanoparticle . In some embodiments the diameter is about 5 
separated by a caspase - 3 sensitive site , a tyrosine for radio - nm to about 500 nm . In other embodiments , the diameter is 
labeling and a chelating agent for radiolabeling . In another about 100 nm to about 200 nm . In another embodiment , the 
specific embodiment , a peptide comprises SEQ ID NO : 4 40 diameter is about 10 nm to about 100 nm . In still another 
( Tyr - Leu - Ala - Ile - Ahx - Pro - Ala ) and SEQ ID NO : 3 ( Gly - embodiment , the diameter is about 10 nm to about 50 nm . In 
Arg - Arg - Arg - Orn - Arg - Arg - Lys - Lys - Arg - Lys ) separated by a specific embodiment , the diameter is about 10 nm . 
the caspase - 3 sensitive site set forth in SEQ ID NO : 2 The particles may be composed of a variety of materials 
( Asp - Glu - Val - Asp ) , a tyrosine for radiolabeling and a including ceramic , metallic , natural polymer materials ( in 
chelating agent for radiolabeling . Specifically , a peptide 45 cluding lipids , sugars , chitosan , hyaluronic acid etc ) , syn 
comprises SEQ ID NO : 6 ( Tyr - Leu - Ala - Ile - Ahx - Pro - Ala thetic polymer materials ( including poly - lactide - cogly 
Asp - Glu - Val - Asp - Gly - Arg - Arg - Arg - Orn - Arg - Arg - Lys colide , poly - glycerol sebacate , etc ) , and non - polymer 
Lys - Arg - Lys ) . In certain embodiments , the peptide com - materials , or combinations thereof . 
prises a terminal - NH , acylation . Specifically , the terminal - In certain embodiments , the particles may be inorganic 
NH , acylation is acetylation . 50 nanoparticles . Inorganic nanoparticles are primarily metal 

In another different specific embodiment , a peptide com - based and have the potential to be synthesized with near 
prises a MMP9 sensitive site , a tyrosine for radiolabeling , a monodispersity . Non - limiting examples of inorganic nano 
cysteine for conjugation to a nanoparticle and a chelating particles include iron oxide nanoparticles , nickel nanopar 
agent for radiolabeling . In another specific embodiment , a ticles , cobalt nanoparticles , silica nanoparticles , gold nano 
peptide comprises a MMP9 sensitive site , a tyrosine for 55 particles , calcium - phosphate based nanoparticles , silver 
conjugation to 1251 , a cysteine for conjugation to a nanopar - nanoparticles , platinum nanoparticles and quantum dots 
ticle and a chelating agent for complexing with 11 In or ( e . g . Cds , CdSe , Ag2S ) . In a specific embodiment , a nano 
64Cu . In still another specific embodiment , a peptide com particle of the invention is a gold nanoparticle . 
prises SEQ ID NO : 1 ( Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - In certain embodiments , a radionuclide may be incorpo 
Gly - Tyr - Gly - Ahx - Cys ) , wherein 1251 is conjugated to the 60 rated into a nanoparticle . A radionuclide may be as described 
tyrosine , the cysteine is conjugated to a nanoparticle and a above in Section I ( a ) ( ii ) . In a specific embodiment a radio 
chelating agent is conjugated to the glycine . metal may be incorporated into a nanoparticle . For example , 

In yet another different specific embodiment , a peptide 198 Au , 199 Au or 64Cu may be incorporated into a gold 
comprises a MMP9 sensitive site , a cysteine for conjugation nanoparticle . In a specific embodiment , 19Au may be 
to a nanoparticle and a chelating agent for radiolabeling . In 65 incorporated into a gold nanoparticle . 
another specific embodiment , a peptide comprises a MMP9 A cleavable peptide of the invention may be conjugated to 
sensitive site , a cysteine for conjugation to a nanoparticle a nanoparticle of the invention via a thiol group . In certain 
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embodiments , the cleavable peptide may be conjugated to a A therapeutic agent can be incorporated into the particles 
nanoparticle of the invention via a cysteine residue of the using technology known to those skilled in the art . A particle 
peptide . In other embodiments , the cleavable peptide may be may comprise one , two , three , four , or five therapeutic 
conjugated to a nanoparticle via a thiol group of polyethyl - agents . Therapeutic agents include but are not limited to 
ene glycol . In still other embodiments , the cleavable peptide 5 drugs , therapeutic compounds , genetic materials , metals 
may be conjugated to a nanoparticle via a thiol group of a ( such as radioactive isotopes ) , proteins , peptides , carbohy 
linker . Suitable peptides , polyethylene glycols and linkers drates , lipids , steroids , nucleic acid based materials , or are described above in Section I ( a ) . In a specific embodi derivatives , analogues , or combinations thereof in their ment , a cleavable peptide may be conjugated to a gold native form or derivatized with hydrophobic or charged nanoparticle via a cysteine residue of the peptide . In certain 10 moieties to enhance incorporation or adsorption into a cell . embodiments , the cysteine residue is at the N - terminus of 
the peptide . In another specific embodiment , a cleavable Such therapeutic agents may be water soluble or may be 

hydrophobic . Non - limiting examples of therapeutic agents peptide may be conjugated to a gold nanoparticle via a 
polyethylene glycol which is conjugated to the gold nano may include immune - related agents , thyroid agents , respi 
particle via a thiol group . 15 ratory products , antineoplastic agents , anti - helmintics , anti 

The particles may also be coated with one or more malarials , mitotic inhibitors , hormones , anti - protozoans , 
stabilizing substances , which may be particularly useful for anti - tuberculars , cardiovascular products , blood products , 
long term depoting with parenteral administration or for oral biological response modifiers , anti - fungal agents , vitamins , 
delivery by allowing passage of the particles through the peptides , anti - allergic agents , anti - coagulation agents , cir 
stomach or gut without dissolution . For example , particles 20 culatory drugs , metabolic potentiators , anti - virals , anti - an 
intended for oral delivery may be stabilized with a coating ginals , antibiotics , anti - inflammatories , anti - rheumatics , nar 
of a substance such as mucin , a secretion containing muco cotics , cardiac glycosides , neuromuscular blockers , 
polysaccharides produced by the goblet cells of the intestine , sedatives , local anesthetics , general anesthetics , or radioac 
the submaxillary glands , and other mucous glandular cells . tive atoms or ions . Non - limiting examples of therapeutic 
Alternatively , polyethylene glycol ( PEG ) may be incorpo - 25 agents are described below . 
rated onto the particle surface . Any suitable PEG may In a specific embodiment , a therapeutic agent is any 
incorporated onto the particle surface . PEGs are available in compound known in the art that is used in the detection , 
a range of molecular weights from 300 g / mol to Ser . No . diagnosis , or treatment of cancer . Such compounds may be 
10 / 000 , 000 g / mol . A PEG incorporated onto the particle naturally occurring , modified , or synthetic . The therapeutic 
surface may be from about 1 , 000 g / mol to about 20 , 000 30 agent preferably reduces or interferes with tumor growth or g / mol . Alternatively , a PEG incorporated onto the particle otherwise reduces the effect of the tumor within the body or surface may be from about 1 , 000 g / mol to about 10 , 000 organism . A therapeutic agent that reduces the symptoms g / mol . In another embodiment , a PEG incorporated onto the produced by the tumor or reduces tumor growth is suitable particle surface may be from about 5 , 000 g / mol to about 
10 , 000 g / mol . In a specific embodiment , a PEG incorporated 35 for the present invention . Additionally , any therapeutic agent 
onto the particle surface may be 5 , 000 g / mol . that reduces the symptoms associated with tumor cell 

To enhance delivery the particles may be incorporated , for growth will work for purposes of the present invention . 
instance , into liposomes , virosomes , cationic lipids or other A therapeutic agent of the invention may be a small 
lipid based structures . The term “ cationic lipid ” refers to molecule therapeutic , a therapeutic nucleic acid , or a che 
lipids which carry a net positive charge at physiological pH . 40 motherapeutic agent . A representative therapeutic nucleic 
Such lipids include , but are not limited to , DODAC , acid may encode a polypeptide having an ability to induce 
DOTMA , DDAB , DOTAP , DC - Chol and DMRIE . Addi - an immune response and / or an anti - angiogenic response in 
tionally , a number of commercial preparations of cationic vivo . Representative therapeutic proteins with immunos 
lipids are available . These include , for example , LIPOFEC - timulatory effects include but are not limited to cytokines 
TIN® ( commercially available cationic liposomes compris - 45 ( e . g . , an interleukin ( IL ) such as IL2 , IL4 , IL7 , IL12 , 
ing DOTMA and DOPE , from GIBCO / BRL , Grand Island , interferons , granulocyte - macrophage colony - stimulating 
N . Y . , USA ) ; LIPOFECTAMINE® ( commercially available factor ( GM - CSF ) , tumor necrosis factor alpha ( TNF - a ) ) , 
cationic liposomes comprising DOSPA and DOPE , from immunomodulatory cell surface proteins ( e . g . , human leu 
GIBCO / BRL ) ; and TRANSFECTAM® ( commercially kocyte antigen ( HLA proteins ) , co - stimulatory molecules , 
available cationic lipids comprising DOGS in ethanol from 50 and tumor - associated antigens . See Kirk & Mule , 2000 ; 
Promega Corp . , Madison , Wis . , USA ) . A variety of methods Mackensen et al . , 1997 ; Walther & Stein , 1999 ; and refer 
are available for preparing liposomes e . g . , U . S . Pat . Nos . ences cited therein . Representative proteins with anti - angio 
4 , 186 , 183 , 4 , 217 , 344 , 4 , 235 , 871 , 4 , 261 , 975 , 4 , 485 , 054 , genic activities that can be used in accordance with the 
4 , 501 , 728 , 4 , 774 , 085 , 4 , 837 , 028 , 4 , 946 , 787 ; and PCT Pub presently disclosed subject matter include : thrombospondin 
lication No . WO 91 / 17424 . The particles may also be 55 I ( Kosfeld & Frazier , 1993 ; Tolsma et al . , 1993 ; Dameron et 
composed in whole or in part of GRAS components . i . e . , al . , 1994 ) , metallospondin proteins ( Carpizo & Iruela 
ingredients are those that are Generally Regarded As Safe Arispe , 2000 ) , class I interferons ( Albini et al . , 2000 ) , ID 2 
( GRAS ) by the US FDA . GRAS components useful as ( Voest et al . , 1995 ) , protamine ( Ingber et al . , 1990 ) , 
particle material include non - degradable food based par - angiostatin ( O ' Reilly et al . , 1994 ) , laminin ( Sakamoto et al . , 
ticles such as cellulose . 60 1991 ) , endostatin ( O ' Reilly et al . , 1997 ) , and a prolactin 

In certain embodiments , the particle may further comprise fragment ( Clapp et al . , 1993 ) . In addition , several anti 
a therapeutic agent . Thus , the compositions of the invention angiogenic peptides have been isolated from these proteins 
can achieve two purposes at the same time , the diagnostic ( Maione et al . , 1990 ; Eijan et al . , 1991 ; Woltering et al . , 
methods and delivery of a therapeutic agent . Any therapeutic 1991 ) . Representative proteins with both immunostimula 
agent can be incorporated within the particles , which can 65 tory and anti - angiogenic activities may include IL12 , inter 
locally or systemically deliver or maintain the incorporated feron - y , or a chemokine . Other therapeutic nucleic acids that 
agents following administration or application to a subject . may be useful for cancer therapy include but are not limited 
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to nucleic acid sequences encoding tumor suppressor gene Suitable topoisomerase inhibitors may include , but are not 
products / antigens , antimetabolites , suicide gene products , limited to , amsacrine , etoposide ( VP - 16 ) , irinotecan , mitox 
and combinations thereof . antrone , RFS 2000 , teniposide , and topotecan . 

A chemotherapeutic agent refers to a chemical compound Non - limiting examples of suitable anti - hormonal agents 
that is useful in the treatment of cancer . The compound may 5 may include aminoglutethimide , antiestrogen , aromatase 
be a cytotoxic agent that affects rapidly dividing cells in inhibiting 4 ( 5 ) - imidazoles , bicalutamide , finasteride , fluta 
general , or it may be a targeted therapeutic agent that affects mide , fluvestrant , goserelin , 4 - hydroxytamoxifen , keox 
the deregulated proteins of cancer cells . A cytotoxic agent is ifene , leuprolide , LY117018 , mitotane , nilutamide , onapris 
any naturally - occurring , modified , or synthetic compound tone , raloxifene , tamoxifen , toremifene , and trilostane . 
that is toxic to tumor cells . Such agents are useful in the 10 Examples of targeted therapeutic agents may include , 

without limit , monoclonal antibodies such as alemtuzumab , treatment of neoplasms , and in the treatment of other symp cartumaxomab , edrecolomab , epratuzumab , gemtuzumab , toms or diseases characterized by cell proliferation or a gemtuzumab ozogamicin , glembatumumab vedotin , ibritu hyperactive cell population . The chemotherapeutic agent momab tiuxetan , reditux , rituximab , tositumomab , and tras may be an alkylating agent , an anti - metabolite , an anti 15 tuzumab ; protein kinase inhibitors such as bevacizumab , tumor antibiotic , an anti - cytoskeletal agent , a topoisomerase cetuximab , crizonib , dasatinib , erlotinib , gefitinib , imatinib , 
inhibitor , an anti - hormonal agent , a targeted therapeutic lapatinib , mubritinib , nilotinib , panitumumab , pazopanib , apatinib mubritinib nilotinib panitumumab . 

ynamic therapeutic agent , or a combination sorafenib , sunitinib , toceranib , and vandetanib . 
thereof . In an exemplary embodiment , the chemotherapeutic Non limiting examples of angiogeneisis inhibitors may 
agent is selected from the group consisting of liposomal 20 include angiostatin , bevacizumab , denileukin diftitox , 
doxorubicin and nanoparticle albumin docetaxel . endostatin , everolimus , genistein , interferon alpha , interleu 
Non - limiting examples of suitable alkylating agents may kin - 2 , interleukin - 12 , pazopanib , pegaptanib , ranibizumab , 

include altretamine , benzodopa , busulfan , carboplatin , car - rapamycin ( sirolimus ) , temsirolimus , and thalidomide . 
boquone , carmustine ( BCNU ) , chlorambucil , chlornaphaz - Non limiting examples of growth inhibitory polypeptides 
ine , cholophosphamide , chlorozotocin , cisplatin , cyclospho - 25 may include bortazomib , erythropoietin , interleukins ( e . g . , 
sphamide , dacarbazine ( DTIC ) , estramustine , fotemustine , IL - 1 , IL - 2 , IL - 3 , IL - 6 ) , leukemia inhibitory factor , interfer 
ifosfamide , improsulfan , lipoplatin , lomustine ( CCNU ) , ons , romidepsin , thrombopoietin , TNF - a , CD30 ligand , 4 - 1 
mafosfamide , mannosulfan , mechlorethamine , mechlore BB ligand , and Apo - 1 ligand . 
thamine oxide hydrochloride , melphalan , meturedopa , mus Non - limiting examples of photodynamic therapeutic 
tine ( mechlorethamine ) , mitobronitol , nimustine . novembi - 30 agents may include aminolevulinic acid , methyl aminolevu 
chin , oxaliplatin , phenesterine , piposulfan , prednimustine , linate , retinoids ( alitretinon , tamibarotene , tretinoin ) , and 

temoporfin . ranimustine , satraplatin , semustine , temozolomide , thiotepa , Other antineoplastic agents may include anagrelide , arse treosulfan , triaziquone , triethylenemelamine , triethylene nic trioxide , asparaginase , bexarotene , bropirimine , cele phosphoramide ( TEPA ) , triethylenethiophosphaoramide phaoramide 35 coxib , chemically linked Fab , efaproxiral , etoglucid , ferrugi 
( thiotepa ) , tri methylolomelamine , trofosfamide , uracil mus - nol , lonidamide , masoprocol , miltefosine , mitoguazone , 
tard and uredopa . talapanel , trabectedin , and vorinostat . 

Suitable anti - metabolites may include , but are not limited Also included are pharmaceutically acceptable salts , 
to aminopterin , ancitabine , azacitidine , 8 - azaguanine , acids , or derivatives of any of the above listed agents . The 
6 - azauridine , capecitabine , carmofur ( 1 - hexylcarbomoyl - 5 - 40 dose of the chemotherapeutic agent can and will vary 
fluorouracil ) , cladribine , clofarabine , cytarabine ( cytosine depending upon the agent and the type of tumor or neo 
arabinoside ( Ara - C ) ) , decitabine , denopterin , dideoxyuri - plasm . A skilled practitioner will be able to determine the 
dine , doxifluridine , enocitabine , floxuridine , fludarabine , appropriate dose of the chemotherapeutic agent . 
5 - fluorouracil , gemcetabine , hydroxyurea ( hydroxycarbam Other therapeutic agents may comprise a virus or a viral 
ide ) , leucovorin ( folinic acid ) , 6 - mercaptopurine , metho - 45 genome such as an oncolytic virus . An oncolytic virus 
trexate , nafoxidine , nelarabine , oblimersen , pemetrexed , comprises a naturally occurring virus that is capable of 
pteropterin , raltitrexed , tegofur , tiazofurin , thiamiprine , killing a cell in the target tissue ( for example , by lysis ) when 
tioguanine ( thioguanine ) , and trimetrexate . it enters such a cell . 
Non - limiting examples of suitable anti - tumor antibiotics In other embodiments , a particle may further comprise a 

may include aclacinomysin , aclarubicin , actinomycins , adri - 50 targeting agent . A targeting agent may promote targeting of 
amycin , aurostatin ( for example , monomethyl auristatin E ) , the particle to a desire site . For example , a particle may be 
authramycin , azaserine , bleomycins , cactinomycin , cali - coated with a targeting agent . A targeting agent can have an 
cheamicin , carabicin , caminomycin , carzinophilin , chromo - affinity for a cell , a tissue , a protein , DNA , RNA , an 
mycins , dactinomycin , daunorubicin , detorubicin , 6 - diazo antibody , an antigen , a compound , and the like , that may be 
5 - Oxo - L - norleucine , doxorubicin , epirubicin , epoxomicin , 55 associated with a condition , disease , or related biological 
esorubicin , idarubicin , marcellomycin , mitomycins , mith - event , of interest . In a specific embodiment , the targeting 
ramycin , mycophenolic acid , nogalamycin , olivomycins , agent has affinity for a tumor . In particular , the targeting 
peplomycin , plicamycin , potfiromycin , puromycin , que agent can function to target specific DNA , RNA , and / or 
lamycin , rodorubicin , sparsomycin , streptonigrin , streptozo proteins of interest . In an embodiment , the targeting agent 
cin , tubercidin , valrubicin , ubenimex , zinostatin , and zoru - 60 can include , but is not limited to , polypeptides ( e . g . , proteins 
bicin . such as , but not limited to , cell surface receptors and 

Non - limiting examples of suitable anti - cytoskeletal antibodies ( monoclonal or polyclonal ) ) , antigens , nucleic 
agents may include cabazitaxel , colchicines , demecolcine , acids ( both monomeric and oligomeric ) , polysaccharides , 
docetaxel , epothilones , ixabepilone , macromycin , omac - sugars , fatty acids , steroids , purines , pyrimidines , ligands , 
etaxine mepesuccinate , ortataxel , paclitaxel ( for example , 65 aptamers , small molecules , albumin , or combinations 
DHA - paclitaxel ) , taxane , tesetaxel , vinblastine , vincristine , thereof , that have an affinity for a condition , disease , or 
vindesine , and vinorelbine . related biological event or other chemical , biochemical , 
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and / or biological events of the condition , disease , or bio - In various embodiments , the excipient may be a pH 
logical event . In an embodiment , the targeting agent can modifier . By way of non - limiting example , the pH modify 
include : aptamers , sequence - specific DNA oligonucleotides , ing agent may be sodium carbonate , sodium bicarbonate , 
locked nucleic acids ( LNA ) , and peptide nucleic acids sodium citrate , citric acid , or phosphoric acid . 
( PNA ) , antibodies , and small molecule protein receptors . 5 In a further embodiment , the excipient may be a disinte 
For example , when liver targeting is desired , a composition grant . The disintegrant may be non - effervescent or efferves 
may comprise galactose - containing copolymers which are cent . Suitable examples of non - effervescent disintegrants 
recognized by hepatocytes . Or , for example , when tumor include , but are not limited to , starches such as corn starch , 
targeting is desired , a targeting agent may be transferrin potato starch , pregelatinized and modified starches thereof , 
which binds to transferrin receptors which are highly over er 10 sweeteners , clays , such as bentonite , micro - crystalline cel 

lulose , alginates , sodium starch glycolate , gums such as expressed on tumors . One of skill in the art will appreciate agar , guar , locust bean , karaya , pecitin , and tragacanth . that various targeting agents may enable targeting of a Non - limiting examples of suitable effervescent disintegrants particle to specific tissue . For example , a particle may be include sodium bicarbonate in combination with citric acid 
conjugated to antibodies in order to provide specific delivery 15 and sodium bicarbonate in combination with tartaric acid , 
of the particle to the site of a tumor . In yet another embodiment , the excipient may be a 
( c ) Pharmaceutical Composition dispersant or dispersing enhancing agent . Suitable disper 

The present disclosure also provides pharmaceutical com - sants may include , but are not limited to , starch , alginic acid , 
positions . The pharmaceutical composition comprises a polyvinylpyrrolidones , guar gum , kaolin , bentonite , purified 
composition of the invention , as an active ingredient , and at 20 wood cellulose , sodium starch glycolate , isoamorphous sili 
least one pharmaceutically acceptable excipient . cate , and microcrystalline cellulose . 

The pharmaceutically acceptable excipient may be a In another alternate embodiment , the excipient may be a 
diluent , a binder , a filler , a buffering agent , a pH modifying preservative . Non - limiting examples of suitable preserva 
agent , a disintegrant , a dispersant , a preservative , a lubricant , tives include antioxidants , such as BHA , BHT , vitamin A , 
taste - masking agent , a flavoring agent , or a coloring agent . 25 vitamin C , vitamin E , or retinyl palmitate , citric acid , 
The amount and types of excipients utilized to form phar - sodium citrate ; chelators such as EDTA or EGTA ; and 
maceutical compositions may be selected according to antimicrobials , such as parabens , chlorobutanol , or phenol . 
known principles of pharmaceutical science . In a further embodiment , the excipient may be a lubricant . 

In one embodiment , the excipient may be a diluent . The Non - limiting examples of suitable lubricants include min 
diluent may be compressible ( i . e . , plastically deformable ) or 30 erals such as talc or silica ; and fats such as vegetable stearin , 
abrasively brittle . Non - limiting examples of suitable com - magnesium stearate or stearic acid . 
pressible diluents include microcrystalline cellulose ( MCC ) , In yet another embodiment , the excipient may be a 
cellulose derivatives , cellulose powder , cellulose esters ( i . e . , taste - masking agent . Taste - masking materials include cellu 
acetate and butyrate mixed esters ) , ethyl cellulose , methyl lose ethers ; polyethylene glycols ; polyvinyl alcohol ; poly 
cellulose , hydroxypropyl cellulose , hydroxypropyl methyl - 35 vinyl alcohol and polyethylene glycol copolymers ; mono 
cellulose , sodium carboxymethylcellulose , corn starch , glycerides or triglycerides ; acrylic polymers ; mixtures of 
phosphated corn starch , pregelatinized corn starch , rice acrylic polymers with cellulose ethers ; cellulose acetate 
starch , potato starch , tapioca starch , starch - lactose , starch - phthalate ; and combinations thereof . 
calcium carbonate , sodium starch glycolate , glucose , fruc - In an alternate embodiment , the excipient may be a 
tose , lactose , lactose monohydrate , sucrose , xylose , lactitol , 40 flavoring agent . Flavoring agents may be chosen from 
mannitol , malitol , sorbitol , xylitol , maltodextrin , and treha - synthetic flavor oils and flavoring aromatics and / or natural 
lose . Non - limiting examples of suitable abrasively brittle oils , extracts from plants , leaves , flowers , fruits , and com 
diluents include dibasic calcium phosphate ( anhydrous or binations thereof . 
dihydrate ) , calcium phosphate tribasic , calcium carbonate , In still a further embodiment , the excipient may be a 
and magnesium carbonate . 45 coloring agent . Suitable color additives include , but are not 

In another embodiment , the excipient may be a binder . limited to , food , drug and cosmetic colors ( FD & C ) , drug and 
Suitable binders include , but are not limited to , starches , cosmetic colors ( D & C ) , or external drug and cosmetic 
pregelatinized starches , gelatin , polyvinylpyrrolidone , cel colors ( Ext . D & C ) . 
lulose , methylcellulose , sodium carboxymethylcellulose , The weight fraction of the excipient or combination of 
ethylcellulose , polyacrylamides , polyvinyloxoazolidone , 50 excipients in the composition may be about 99 % or less , 
polyvinylalcohols , C . - C1 , fatty acid alcohol , polyethylene about 97 % or less , about 95 % or less , about 90 % or less , 
glycol , polyols , saccharides , oligosaccharides , polypeptides , about 85 % or less , about 80 % or less , about 75 % or less , 
oligopeptides , and combinations thereof . about 70 % or less , about 65 % or less , about 60 % or less , 

In another embodiment , the excipient may be a filler . about 55 % or less , about 50 % or less , about 45 % or less , 
Suitable fillers include , but are not limited to , carbohydrates , 55 about 40 % or less , about 35 % or less , about 30 % or less , 
inorganic compounds , and polyvinylpyrrolidone . By way of about 25 % or less , about 20 % or less , about 15 % or less , 
non - limiting example , the filler may be calcium sulfate , both about 10 % or less , about 5 % or less , about 2 % , or about 1 % 
di - and tri - basic , starch , calcium carbonate , magnesium or less of the total weight of the composition . 
carbonate , microcrystalline cellulose , dibasic calcium phos - The composition can be formulated into various dosage 
phate , magnesium carbonate , magnesium oxide , calcium 60 forms and administered by a number of different means that 
silicate , talc , modified starches , lactose , sucrose , mannitol , will deliver a therapeutically effective amount of the active 
or sorbitol . ingredient . Such compositions can be administered enterally 

In still another embodiment , the excipient may be a ( oral , gastric , rectal administration ) parenterally , or intratu 
buffering agent . Representative examples of suitable buff - morally in dosage unit formulations containing conventional 
ering agents include , but are not limited to , phosphates , 65 nontoxic pharmaceutically acceptable carriers , adjuvants , 
carbonates , citrates , tris buffers , and buffered saline salts and vehicles as desired . The term parenteral as used herein 
( e . g . , Tris buffered saline or phosphate buffered saline ) . includes subcutaneous , intravenous , intramuscular , intra 
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articular , or intrasternal injection , or infusion techniques . nuclide , enzyme activity is detected . In certain 
Formulation of drugs is discussed in , for example , Gennaro , embodiments , the composition comprises : a particle , a 
A . R . , Remington ' s Pharmaceutical Sciences , Mack Pub cleavable peptide and a first and second radionuclide , 
lishing Co . , Easton , Pa . ( 18th ed , 1995 ) , and Liberman , H . A . wherein the first and second radionuclide are separated by a 
and Lachman , L . , Eds . , Pharmaceutical Dosage Forms , 5 site susceptible to cleavage by an enzyme and can be 
Marcel Dekker Inc . , New York , N . Y . ( 1980 ) . In a specific spectrally differentiated and the second radionuclide is 
embodiment , a composition may be an intravenous or intra - capable of being released upon cleavage . 
tracheal composition . In another aspect , the present invention provides a method 

Dosage forms for enteral administration include pills , of detecting lung injury in a subject . The method comprises 
tablets , caplets and capsules ( chewable , dissolvable or swal - 10 ( a ) administering to the subject an effective amount of a 
low ) , time - release and sustained - release tablets and cap - composition comprising : a cleavable peptide comprising a 
sules , powders of granules , pellets , teas , drops , liquid or MMP9 sensitive site , and a first and second radionuclide , 
syrups ( solution , softgel , suspension , emulsion , elixir , tinc - wherein the first and second radionuclide are separated by 
ture , hydrogel ) , film , lollipop , lozenges , chewing gum , and the MMP9 sensitive site and can be spectrally differentiated ; 
oral spray . In such dosage forms , the active ingredient is 15 ( b ) imaging the subject for a signal corresponding to the first 
ordinarily combined with one or more pharmaceutically and second radionuclide to determine the biodistribution for 
acceptable excipients , examples of which are detailed above . the first and second radionuclide ; and ( c ) comparing the 
Oral preparations may also be administered as aqueous biodistribution of the first radionuclide to the biodistribution 
suspensions , elixirs , or syrups . For these , the active ingre - of the second radionuclide , wherein when the biodistribution 
dient may be combined with various sweetening or flavoring 20 for the first radionuclide differs from the biodistribution for 
agents , coloring agents , and , if so desired , emulsifying the second radionuclide , lung injury is detected . In certain 
and / or suspending agents , as well as diluents such as water , embodiments , the composition comprises : a particle , a 
ethanol , glycerin , and combinations thereof . For adminis cleavable peptide comprising a MMP9 sensitive site and a 
tration by inhalation , the compounds are delivered in the first and second radionuclide , wherein the first and second 
form of an aerosol spray from pressured container or dis - 25 radionuclide are separated by the MMP9 sensitive site and 
penser which contains a suitable propellant , e . g . , a gas such can be spectrally differentiated and the second radionuclide 
as carbon dioxide , or a nebulizer . is capable of being released upon cleavage . 

For parenteral administration , the preparation may be an In still another aspect , the present invention provides a 
aqueous or an oil - based solution . Aqueous solutions may method of detecting a tumor in a subject . The method 
include a sterile diluent such as water , saline solution , a 30 comprises ( a ) administering to the subject an effective 
pharmaceutically acceptable polyol such as glycerol , pro - amount of a composition comprising : a cleavable peptide , 
pylene glycol , or other synthetic solvents ; an antibacterial and a first and second radionuclide , wherein the first and 
and / or antifungal agent such as benzyl alcohol , methyl second radionuclide are separated by a site susceptible to 
paraben , chlorobutanol , phenol , thimerosal , and the like ; an cleavage by an enzyme and can be spectrally differentiated ; 
antioxidant such as ascorbic acid or sodium bisulfite ; a 35 ( b ) imaging the subject for a signal corresponding to the first 
chelating agent such as etheylenediaminetetraacetic acid ; a and second radionuclide to determine the biodistribution for 
buffer such as acetate , citrate , or phosphate ; and / or an agent the first and second radionuclide ; and ( c ) comparing the 
for the adjustment of tonicity such as sodium chloride , biodistribution of the first radionuclide to the biodistribution 
dextrose , or a polyalcohol such as mannitol or sorbitol . The of the second radionuclide , wherein when the biodistribution 
pH of the aqueous solution may be adjusted with acids or 40 for the first radionuclide differs from the biodistribution for 
bases such as hydrochloric acid or sodium hydroxide . Oil - the second radionuclide , a tumor is detected . In certain 
based solutions or suspensions may further comprise embodiments , the composition comprises : a particle , a 
sesame , peanut , olive oil , or mineral oil . For additional cleavable peptide and a first and second radionuclide , 
information regarding intraperitoneal administration , see de wherein the first and second radionuclide are separated by a 
Vin et al . , Peritoneal Dialysis International 2009 ; 29 : 5 - 15 . 45 site susceptible to cleavage by an enzyme and can be 

The compositions may be presented in unit - dose or multi - spectrally differentiated and the second radionuclide is 
dose containers , for example sealed ampoules and vials , and capable of being released upon cleavage . In a specific 
may be stored in a freeze - dried ( lyophilized ) condition embodiment , the cleavable peptide comprises a MMP9 
requiring only the addition of the sterile liquid carried , for sensitive site . 
example water for injections , immediately prior to use . 50 In yet another aspect , the invention provides a method for 
Extemporaneous injection solutions and suspensions may be monitoring a response to treatment in a subject . The method 
prepared from sterile powders , granules and tablets . comprises ( a ) administering to the subject an effective 
II . Methods amount of a composition comprising : a cleavable peptide , 

In an aspect , the present invention provides a method of and a first and second radionuclide , wherein the first and 
detecting enzyme activity associated with a disease or 55 second radionuclide are separated by a site susceptible to 
condition in a subject . The method comprises : ( a ) adminis - cleavage by an enzyme and can be spectrally differentiated ; 
tering to the subject an effective amount of a composition ( b ) imaging the subject for a signal corresponding to the first 
comprising : a cleavable peptide and a first and second and second radionuclide to determine the biodistribution for 
radionuclide , wherein the first and second radionuclide are the first and second radionuclide ; ( c ) repeating ( a ) - ( b ) at a 
separated by a site susceptible to cleavage by an enzyme and 60 later time , and subsequently comparing the biodistribution 
can be spectrally differentiated ; ( b ) imaging the subject for of the first and second radionuclide in the first imaging event 
a signal corresponding to the first and second radionuclide to to the biodistribution of the first and second radionuclide in 
determine the biodistribution for the first and second radio - the second imaging event , wherein a change in biodistribu 
nuclide ; and ( c ) comparing the biodistribution of the first tion between the first and second imaging events indicates a 
radionuclide to the biodistribution of the second radionu - 65 response to treatment . For example , if an enzyme is upregu 
clide , wherein when the biodistribution for the first radio - lated during disease and the difference between the biodis 
nuclide differs from the biodistribution for the second radio - tribution of the first and second radionuclide is greater in the 
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first imaging event than the difference between the biodis embodiment , the particle may comprise a therapeutic agent . 
tribution of the first and second radionuclide in the second In other embodiments , the first radionuclide is a radionu 
imaging event , then the subject is responding to treatment . clide used in radiotherapy . By " treating , stabilizing , or 
Alternatively , if the difference between the biodistribution of preventing cancer " is meant causing a reduction in the size 
the first and second radionuclide is the same or lower in the 5 of a tumor or in the number of cancer cells , slowing or 
first imaging event than the difference between the biodis preventing an increase in the size of a tumor or cancer cell 
tribution of the first and second radionuclide in the second proliferation , increasing the disease - free survival time 
imaging event , then the subject is not responding to treat - between the disappearance of a tumor or other cancer and its 
ment and / or the disease has progressed . In certain embodi - reappearance , preventing an initial or subsequent occurrence 
ments , the composition comprises : a particle , a cleavable 10 of a tumor or other cancer , or reducing an adverse symptom 
peptide and a first and second radionuclide , wherein the first associated with a tumor or other cancer . In a desired embodi 
and second radionuclide are separated by a site susceptible ment , the percent of tumor or cancerous cells surviving the 
to cleavage by an enzyme and can be spectrally differenti - treatment is at least 20 , 40 , 60 , 80 , or 100 % lower than the 
ated and the second radionuclide is capable of being released initial number of tumor or cancerous cells , as measured 
upon cleavage . 15 using any standard assay ( e . g . , caspase assays , TUNEL and 

The invention comprises , in part , imaging a subject . DNA fragmentation assays , cell permeability assays , and 
Imaging may be used to determine the biodistribution of the Annexin V assays ) . Desirably , the decrease in the number of 
radionuclides . As used herein , " biodistribution ” is a method tumor or cancerous cells induced by administration of a 
of tracking where the radionuclides travel in the subject . composition of the invention is at least 2 , 5 , 10 , 20 , or 
Non - limiting examples of modalities of imaging may 20 50 - fold greater than the decrease in the number of non 
include magnetic resonance imaging ( MRI ) , ultrasound tumor or non - cancerous cells . Desirably , the methods of the 
( US ) , computed tomography ( CT ) , Positron Emission present invention result in a decrease of 20 , 40 , 60 , 80 , or 
Tomography ( PET ) , Single Photon Emission Computed 100 % in the size of a tumor or in the number of cancerous 
Tomography ( SPECT ) , and optical imaging ( OI , biolumi - cells , as determined using standard methods . Desirably , at 
nescence and fluorescence ) . Radioactive molecular probes 25 least 20 , 40 , 60 , 80 , 90 , or 95 % of the treated subjects have 
are traditionally imaged with PET , SPECT or gamma ( v ) a complete remission in which all evidence of the tumor or 
cameras , by taking advantage of the capability of these cancer disappears . Desirably , the tumor or cancer does not 
imaging modalities to detect the high energetic y rays . In a reappear or reappears after at least 5 , 10 , 15 , or 20 years . 
specific embodiment , a subject is imaged with SPECT . In ( a ) Subject 
another specific embodiment , a subject is imaged with 30 A subject of the invention may be a human , a livestock 
SPECT - CT . animal , a companion animal , a lab animal , or a zoological 

The subject may be imaged minutes , hours or days after animal . In one embodiment , the subject may be a rodent , e . g . 
administration of a composition of the invention . Accord a mouse , a rat , a guinea pig , etc . In another embodiment , the 
ingly , the subject may be imaged from about 10 to about 15 subject may be a livestock animal . Non - limiting examples of 
minutes , or from about 15 to about 30 minutes , or from 35 suitable livestock animals may include pigs , cows , horses , 
about 30 minutes to about 45 minutes , or from about 45 goats , sheep , llamas and alpacas . In yet another embodi 
minutes to 60 minutes after administration of a composition ment , the subject may be a companion animal . Non - limiting 
of the invention . Alternatively , the subject may be imaged examples of companion animals may include pets such as 
from about 1 hour to about 2 hours , or from about 2 hours dogs , cats , rabbits , and birds . In yet another embodiment , the 
to about 3 hours , or from about 3 hours to about 4 hours , or 40 subject may be a zoological animal . As used herein , a 
from about 4 hours to about 5 hours , or from about 5 hours " zoological animal ” refers to an animal that may be found in 
to about 6 hours , or from about 6 hours to about 7 hours , or a zoo . Such animals may include non - human primates , large 
from about 7 hours to about 8 hours after administration of cats , wolves , and bears . In certain embodiments , the animal 
a composition of the invention . In certain embodiments , a is a laboratory animal . Non - limiting examples of a labora 
subject may be imaged from about 4 hours to about 48 hours 45 tory animal may include rodents , canines , felines , and non 
after administration of a composition of the invention . In human primates . In certain embodiments , the animal is a 
another embodiment , the subject may be imaged from about rodent . Non - limiting examples of rodents may include mice , 
1 day to about 2 days , or from about 2 days to about 3 days , rats , guinea pigs , etc . 
or from about 3 days to about 4 days , or from about 4 days ( b ) Tumor 
to about 5 days , or from about 5 days to about 6 days , or 50 A composition of the invention may be used to treat or 
from about 6 days to about 7 days after administration of a recognize a tumor derived from a neoplasm or a cancer . 
composition of the invention . “ Neoplasm " is any tissue , or cell thereof , characterized by 

In still yet another aspect , the invention provides a method abnormal growth as a result of excessive cell division . The 
for treating , stabilizing and / or preventing cancer and asso - neoplasm may be malignant or benign , the cancer may be 
ciated diseases in a subject . The method comprises admin - 55 primary or metastatic ; the neoplasm or cancer may be early 
istering to the subject an effective amount of a composition stage or late stage . Non - limiting examples of neoplasms or 
comprising : a cleavable peptide , and a first and second cancers that may be treated or detected include acute lym 
radionuclide , wherein the first and second radionuclide are phoblastic leukemia , acute myeloid leukemia , adrenocorti 
separated by a site susceptible to cleavage by an enzyme and cal carcinoma , AIDS - related cancers , AIDS - related lym 
can be spectrally differentiated , thereby treating , stabilizing 60 phoma , anal cancer , appendix cancer , astrocytomas 
and / or preventing the cancer or the associated diseases . In ( childhood cerebellar or cerebral ) , basal cell carcinoma , bile 
certain embodiments , the composition comprises : a particle , duct cancer , bladder cancer , bone cancer , brainstem glioma , 
a cleavable peptide and a first and second radionuclide , brain tumors ( cerebellar astrocytoma , cerebral astrocytoma / 
wherein the first and second radionuclide are separated by a malignant glioma , ependymoma , medulloblastoma , 
site susceptible to cleavage by an enzyme and can be 65 supratentorial primitive neuroectodermal tumors , visual 
spectrally differentiated and the second radionuclide is pathway and hypothalamic gliomas ) , breast cancer , bron 
capable of being released upon cleavage . In the foregoing chial adenomas / carcinoids , Burkitt lymphoma , carcinoid 
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tumors ( childhood , gastrointestinal ) , carcinoma of unknown cell cancer , urethral cancer , uterine cancer ( endometrial ) , 
primary , central nervous system lymphoma ( primary ) , cer uterine sarcoma , vaginal cancer , visual pathway and hypo 
ebellar astrocytoma cerebral astrocytoma / malignant thalamic glioma ( childhood ) , vulvar cancer , Waldenström 
glioma , cervical cancer , childhood cancers , chronic lympho - macroglobulinemia , and Wilms tumor ( childhood ) . In a 
cytic leukemia , chronic myelogenous leukemia , chronic 5 preferred embodiment , the cancer is selected from the group 
myeloproliferative disorders , colon cancer , cutaneous T - cell consisting of bladder carcinoma , breast carcinoma , cervical 
lymphoma , desmoplastic small round cell tumor , endome - carcinoma , cholangiocarcinoma , colorectal carcinoma , 
trial cancer , ependymoma , esophageal cancer , Ewing ' s sar - esophageal carcinoma , gastric sarcoma , glioma , lung carci 
coma in the Ewing family of tumors , extracranial germ cell noma , lymphoma , melanoma , multiple myeloma , osteosar 
tumor ( childhood ) , extragonadal germ cell tumor , extrahe - 10 coma , ovarian carcinoma , pancreatic carcinoma , prostate 
patic bile duct cancer , eye cancers ( intraocular melanoma , carcinoma , stomach carcinoma , a head , a neck tumor , and a 
retinoblastoma ) , gallbladder cancer , gastric ( stomach ) can solid tumor . In a specific embodiment , the cancer may be 
cer , gastrointestinal carcinoid tumor , gastrointestinal stromal breast cancer . In another specific embodiment , the cancer 
tumor , germ cell tumors ( childhood extracranial , extrago may be epidermoid carcinoma . 
nadal , ovarian ) , gestational trophoblastic tumor , gliomas 15 ( C ) Administration 
( adult , childhood brain stem , childhood cerebral astrocy - In certain aspects , a pharmacologically effective amount 
toma , childhood visual pathway and hypothalamic ) , gastric of a composition of the invention may be administered to a 
carcinoid , hairy cell leukemia , head and neck cancer , subject . Administration is performed using standard effec 
hepatocellular ( liver ) cancer , Hodgkin lymphoma , hypopha - tive techniques , including peripherally ( i . e . not by adminis 
ryngeal cancer , hypothalamic and visual pathway glioma 20 tration into the central nervous system ) or locally to the 
( childhood ) , intraocular melanoma , islet cell carcinoma , central nervous system . Peripheral administration includes 
Kaposi sarcoma , kidney cancer ( renal cell cancer ) , laryngeal but is not limited to intratumoral , intratracheal , intravenous , 
cancer , leukemias ( acute lymphoblastic , acute myeloid , intraperitoneal , subcutaneous , pulmonary , transdermal , 
chronic lymphocytic , chronic myelogenous , hairy cell ) , lip intramuscular , intranasal , buccal , sublingual , or suppository 
and oral cavity cancer , liver cancer ( primary ) , lung cancers 25 administration . Local administration , including directly into 
( non - small cell , small cell ) , lymphomas ( AIDS - related , the central nervous system ( CNS ) includes but is not limited 
Burkitt , cutaneous T - cell , Hodgkin , non - Hodgkin , primary to via a lumbar , intraventricular or intraparenchymal cath 
central nervous system ) , macroglobulinemia ( Walden eter or using a surgically implanted controlled release for 
ström ) , malignant fibrous histiocytoma of bone / osteosar mulation . 
coma , medulloblastoma ( childhood ) , melanoma , intraocular 30 Pharmaceutical compositions for effective administration 
melanoma , Merkel cell carcinoma , mesotheliomas ( adult are deliberately designed to be appropriate for the selected 
malignant , childhood ) , metastatic squamous neck cancer mode of administration , and pharmaceutically acceptable 
with occult primary , mouth cancer , multiple endocrine neo - excipients such as compatible dispersing agents , buffers , 
plasia syndrome ( childhood ) , multiple myeloma / plasma cell surfactants , preservatives , solubilizing agents , isotonicity 
neoplasm , mycosis fungoides , myelodysplastic syndromes , 35 agents , stabilizing agents and the like are used as appropri 
myelodysplastic / myeloproliferative diseases , myelogenous ate . Remington ' s Pharmaceutical Sciences , Mack Publish 
leukemia ( chronic ) , myeloid leukemias ( adult acute , child ing Co . , Easton Pa . , 16 Ed ISBN : 0 - 912734 - 04 - 3 , latest 
hood acute ) , multiple myeloma , myeloproliferative disor - edition , incorporated herein by reference in its entirety , 
ders ( chronic ) , nasal cavity and paranasal sinus cancer , provides a compendium of formulation techniques as are 
nasopharyngeal carcinoma , neuroblastoma , non - Hodgkin 40 generally known to practitioners . It may be particularly 
lymphoma , non - small cell lung cancer , oral cancer , oropha - useful to alter the solubility characteristics of the peptides 
ryngeal cancer , osteosarcoma / malignant fibrous histiocy - useful in this discovery , making them more lipophilic , for 
toma of bone , ovarian cancer , ovarian epithelial cancer example , by encapsulating them in liposomes or by blocking 
( surface epithelial - stromal tumor ) , ovarian germ cell tumor , polar groups . 
ovarian low malignant potential tumor , pancreatic cancer , 45 Effective peripheral systemic delivery by intravenous or 
pancreatic cancer ( islet cell ) , paranasal sinus and nasal intratumor or intraperitoneal or subcutaneous injection is a 
cavity cancer , parathyroid cancer , penile cancer , pharyngeal preferred method of administration to a living patient . Suit 
cancer , pheochromocytoma , pineal astrocytoma , pineal ger - able vehicles for such injections are straightforward . In 
minoma , pineoblastoma and supratentorial primitive neu - addition , however , administration may also be effected 
roectodermal tumors ( childhood ) , pituitary adenoma , 50 through the mucosal membranes by means of nasal aerosols 
plasma cell neoplasia , pleuropulmonary blastoma , primary or suppositories . For example , intratracheal administration 
central nervous system lymphoma , prostate cancer , rectal may be used . When administration to the lungs is desired , a 
cancer , renal cell carcinoma ( kidney cancer ) , renal pelvis composition comprising a particle as described in Section 
and ureter transitional cell cancer , retinoblastoma , rhab I ( b ) may be preferable . Suitable formulations for such 
domyosarcoma ( childhood ) , salivary gland cancer , sarcoma 55 modes of administration are well known and typically 
( Ewing family of tumors , Kaposi , soft tissue , uterine ) , include surfactants that facilitate cross - membrane transfer . 
Sezary syndrome , skin cancers ( nonmelanoma , melanoma ) , Such surfactants are often derived from steroids or are 
skin carcinoma ( Merkel cell ) , small cell lung cancer , small cationic lipids , such as N - [ 1 - ( 2 , 3 - dioleoyl ) propyl ] - N , N , N 
intestine cancer , soft tissue sarcoma , squamous cell carci - trimethyl ammonium chloride ( DOTMA ) or various com 
noma , squamous neck cancer with occult primary ( meta - 60 pounds such as cholesterol hemisuccinate , phosphatidyl 
static ) , stomach cancer , supratentorial primitive neuroecto glycerols and the like . 
dermal tumor ( childhood ) , T - Cell lymphoma ( cutaneous ) , For diagnostic applications , a detectable amount of a 
testicular cancer , throat cancer , thymoma ( childhood ) , thy composition of the invention is administered to a subject . A 
moma and thymic carcinoma , thyroid cancer , thyroid cancer " detectable amount ” , as used herein to refer to a diagnostic 
( childhood ) , transitional cell cancer of the renal pelvis and 65 composition , refers to a dose of such a composition that the 
ureter , trophoblastic tumor ( gestational ) , enknown primary presence of the composition can be determined in vivo or in 
site ( adult , childhood ) , ureter and renal pelvis transitional vitro . A detectable amount will vary according to a variety 
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of factors , including but not limited to chemical features of TABLE A 
the drug being labeled , the detectable label , labeling meth 
ods , the method of imaging and parameters related thereto , 
metabolism of the labeled drug in the subject , the stability of 
the label ( e . g . the half - life of a radionuclide label ) , the time Sequence 

elapsed following administration of the drug and / or labeled Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - Gly 
peptide prior to imaging , the route of drug administration , Tyr - Gly - Ahx - Cys 

the physical condition and prior medical history of the Asp - Glu - Val - Asp 
subject , and / or the size and longevity of the tumor or 10 Gly - Arg - Arg - Arg - Orn - Arg - Arg - Lys - Lys 
suspected tumor . Thus , a detectable amount can vary and can Arg - Lys 
be tailored to a particular application . After study of the 

Tyr - Leu - Ala - Ile - Ahx - Pro - Ala present disclosure , and in particular the Examples , it is 
within the skill of one in the art to determine such a 15 Ahx - Tyr - Ahx - Asp - Glu - Val - Asp - Gly - Lys 

Gly - Cys detectable amount . 
Tyr - Leu - Ala - Ile - Ahx - Pro - Ala - Asp - Glu For therapeutic applications , a therapeutically effective Val - Asp - Gly - Arg - Arg - Arg - Orn - Arg - Arg amount of a composition of the invention is administered to Lys - Lys - Arg - Lys 

a subject . A “ therapeutically effective amount ” is an amount 
of the therapeutic composition sufficient to produce a mea 
surable biological response ( e . g . , an immunostimulatory , an EXAMPLES anti - angiogenic response , a cytotoxic response , or tumor 
regression ) . Actual dosage levels of active ingredients in a The following examples are included to demonstrate 
therapeutic composition of the invention can be varied so as 25 preferred embodiments of the invention . It should be appre 
to administer an amount of the active compound ( s ) that is ciated by those of skill in the art that the techniques 
effective to achieve the desired therapeutic response for a disclosed in the examples that follow represent techniques 
particular subject . The selected dosage level will depend discovered by the inventors to function well in the practice 
upon a variety of factors including the activity of the of the invention , and thus can be considered to constitute 
therapeutic composition , formulation , the route of adminis - 30 preferred modes for its practice . However , those of skill in 
tration , combination with other drugs or treatments , tumor the art should , in light of the present disclosure , appreciate 
size and longevity , and the physical condition and / or prior that many changes can be made in the specific embodiments 
medical history of the subject being treated . In some which are disclosed and still obtain a like or similar result 
embodiments , a minimal dose is administered , and dose is without departing from the spirit and scope of the invention . 
escalated in the absence of dose - limiting toxicity . Determi - 35 
nation and adjustment of a therapeutically effective dose , as Example 1 . Dual - Radiolabeled Multifunctional 
well as evaluation of when and how to make such adjust Nanoparticle SPECT Probes for Cancer Imaging 
ments , are known to those of ordinary skill in the art of With proper design , nanoparticles ( NPs ) offer multifunc medicine . 40 tional properties that can be harnessed for both diagnostic 

The frequency of dosing may be daily or once , twice , and therapeutic biomedical applications . Due to their local 
three times or more per week or per month , as needed as to ized surface plasmon resonant ( LSPR ) properties , gold NPs ? 
effectively treat the symptoms . The timing of administration in particular offer unique optical properties that can be used 
of the treatment relative to the disease itself and duration of for imaging or photothermal therapy of either cancerous or 
treatment will be determined by the circumstances surround - 45 bacterial cells . Incorporating radioactive functionality into 
ing the case . Treatment could begin immediately , such as at NPs is an emerging strategy to quantitatively evaluate their 
the site of the injury as administered by emergency medical in vivo performance with quantitative biodistribution and 
personnel . Treatment could begin in a hospital or clinic imaging modalities such as positron emission tomography 
itself , or at a later time after discharge from the hospital or ( PET ) ' and optical Cerenkov imaging . 8 Distinct from PET 
after being seen in an outpatient clinic . Duration of treatment 50 that only detects 511 keV gamma ray pairs , single photon 
could range from a single dose administered on a one - time emission computed tomography ( SPECT ) has the ability to 
basis to a life - long course of therapeutic treatments . detect a range of photonic energies , and therefore can be 

Although the foregoing methods appear the most conve employed in multispectral imaging using multiple radionu 
clides . When properly integrated with NP probes , this inde nient and most appropriate and effective for administration 

of peptides . by suitable adaptation other effective tech - 55 pendent tracking can help characterize important in vivo 
niques for administration , such as intraventricular adminis parameters such as radiolabeling stability , surface anchor 
tration , transdermal administration and oral administration stability , and biological parameters such as enzyme activity . 
may be employed provided proper formulation is utilized In this study , a multifunctional nanoparticle ( NP ) agent 
herein . was designed to passively target tumors and characterize 

60 MMP activity using a dual - radiolabeling strategy . The strat 
In addition , it may be desirable to employ controlled egy takes inspiration from optically - activatable probes used release formulations using biodegradable films and matrices , to image enzyme activity , and it involves the synthesis of an or osmotic mini - pumps , or delivery systems based on dex imaging agent containing two distinct radionuclides , whose 

tran beads , alginate , or collagen . gamma emissions can be spectrally differentiated , separated 
Typical dosage levels can be determined and optimized 65 by a cleavable linker . The surface of gold nanoparticles 

using standard clinical techniques and will be dependent on was functionalized with a peptide ( DTPA - Gly - Pro - Leu - Gly 
the mode of administration . Val - Arg - Gly - Lys - Gly - Tyr - Gly - Ahx - Cys - NH2SEQ ID 
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NO : 1 ) containing four important components : ( 1 ) a anchorage to the gold NP surface , coupled with a lack of in 
sequence which is cleaved specifically in the presence of vivo 1231 radiolabeling stability , which has been reported 
MMP9 , ( 2 ) a tyrosine residue to radiolabel with 1251 , ( 3 ) a previously . Therefore , only the 11lIn channel was used for 
DTPA chelator to radiolabel with radiometals ( 64Cu and later imaging time points . 
111In ) , and ( 4 ) a cysteine residue to anchor to the gold 5 Two types of tumors with differing MMP9 expression 
surface . In addition , PEG was incorporated onto the NP levels ( high = A431 ; low = 4T1Luc ; FIG . 9 ) were grown in 
surface , which was necessary to stabilize the peptide - func - order to explore the ability of the nanoprobe to report the 
tionalized NP suspension in aqueous environments ( FIG . 4 ) . relative MMP9 activity in vivo . By 24 hours , both types of 
Once surface - functionalized with the peptide and PEG , an tumors were clearly visible using the 11 In imaging channel 

experiment was performed in PBS in order to characterize 10 ( FIG . 10 ) . Significant tumor accumulation was quantified 
the ability of MMP9 to cleave the peptide present on the from the images , corresponding to standardized uptake 
nanoparticle surface . In this experiment , 64 Cu was chelated values ( SUVs ) of 2 . 03 + 0 . 21 ( 7 . 25 + 0 . 76 % ID / gram of tissue ) 
to DTPA on the peptide attached to the NP . The suspension and 1 . 79 + 0 . 19 ( 6 . 41 + 0 . 57 % ID / gram ) for the A431 and 
was incubated with MMP9 for 1 . 5 hours and then the 4T1Luc tumors , respectively . The multifunctional NPs pas 
supernatant solution was separated from the NPs by cen - 15 sively accumulated around the edges of both types of tumors 
trifugal filtration . Importantly , 23 % of the radioactivity was through the enhanced permeability and retention ( EPR ) 
observed in the supernatant after incubation with MMP9 effect . Further , the heart is still clearly visible at the 24 hour 
compared to less than < 5 % in a control without MMP9 ( FIG . time point , evidence that a significant portion of the NP 
5 ) , which is attributed to the 64Cu - labeled peptide fragment probe is still circulating in the blood even at this late time 
cleaved from the NP by MMP9 . To further confirm the 20 point . The NP formulation of the probe was key to this long 
presence of the cleaved peptide , high performance liquid blood circulation that impeded clearance through the kidney , 
chromatography ( HPLC ) was performed on the supernatant which occurred for PEG - peptide controls within 4 hours 
solutions , and co - registered UV and radioactive peaks asso - ( data not shown ) , a property that may be advantageous in 
ciated with the radiolabeled peptide fragment were observed future drug delivery or imaging applications where sustained 
( FIG . 6 ) . 25 presence in the blood is necessary . 

For in vivo spectroscopic SPECT imaging , peptide - func - By 48 hours , both types of tumors were still visible , and 
tionalized NPs were dual radiolabeled with 111In and 1251 . due to a loss of signal in the blood pool , provided significant 
The NP was radiolabeled in two successive steps ( FIG . 1 ) . tumor to muscle ratios of ~ 8 ( FIG . 3A - B ) , which was 
First InClz was added to a pellet of the surface - function validated in the biodistribution results ( FIG . 11 ) . Further , 
alized NP in an acidic buffer under mild heating ( 45° C . ) and 30 and most interestingly , a significant difference in accumu 
incubated for one hour , resuspended in PBS buffer , and lation was observed between the tumors with high and low 
centrifuged to remove unchelated " In . Radiochemical MMP9 expression ( FIG . 3C ) . Whereas the 4T1Luc tumors 
purity of the pellet was characterized with thin layer chro - with low MMP9 expression continued to accumulate signal 
matography ( TLC ) and confirmed to be > 95 % . Then the between 24 and 48 hours and reached an SUV of 2 . 8 + 0 . 11 
pellet suspended in PBS was added to an iodigen tube and 35 ( 10 . 2 + 0 . 33 % ID / gram ) , a decrease in SUV over the same 
incubated with Na 251 for one hour . Once again , TLC was time period to 1 . 75 + 0 . 2 ( 6 . 23 + 0 . 72 % ID / gram ) was 
performed to ensure radiochemical purity greater than 95 % . observed in the A431 tumors with high MMP9 expression . 
Next , a phantom study was performed on the multifunc - It is hypothesized this pharmacokinetic difference in uptake 

tional NP suspension in order to confirm the spectroscopic between the two tumor types is a result of their differences 
imaging capability with the dual - radiolabeled agent . The 40 in MMP9 expression . More specifically , once the 111In 
dual - radiolabeled suspension was imaged along with two labeled NPs accumulated in tumors through the EPR effect , 
controls containing only 11lIn or 1251 . Two imaging windows A431 tumors with significant MMP9 expression cleaved the 
were chosen to independently collect photonic emissions TllIn - labeled peptide fragment from the NP , causing clear 
from 111 In and 1251 . More specifically , a narrow window ance from the tumor between 24 and 48 hours . Once again , 
centered at 28 keV was used to detect X - ray emissions from 45 the NP is central to the success of the strategy , in this case 
1251 ( colored blue ) , and a broad window centered around 200 helping to avoid non - specific clearance of uncleaved pep 
keV was used to acquire gamma emissions from 111In tides . 
( colored red ) . As can be observed in FIG . 7 , the two control Future work will seek to confirm and expand on targeting 
vials only appear as separate colors representing respective MMP activity , incorporate more stable radiochemistry com 
energy windows , while the dual - radiolabeled sample con - 50 pared to the tyrosine - iodine in order to integrate ratiometric 
tains signal from both energy windows . When the two imaging capability , quantify anchorage stability , and opti 
channels are merged , the NP sample appears purple due to mize the localized surface plasmon resonant properties of 
the presence of both 1251 and 111 In . the gold cores for image - guided photothermal therapy . 

To explore the in vivo pharmacokinetics and biodistribu - Methods for Example 1 . 
tion of these multifunctional NPs , suspensions were intra - 55 Peptide Synthesis . 
venously injected into tumor - bearing mice and in vivo Standard Fmoc solid phase synthetic protocols were used 
imaging was performed ( FIG . 2 ) . Importantly , both 111In and to synthesize the peptide containing the MMP9 substrate , 
1251 signals could be independently detected in the mice tyrosine residue , DTPA chelator , and cysteine anchor ( Se 
( FIG . 2A - B ) , and were co - registered mainly in the blood quence : DTPA - Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - Gly 
pool , with the heart , carotid arteries , and descending aorta all 60 Tyr - Gly - Ahx - Cys - NH , — SEQ ID NO : 1 ) . Briefly , amino 
clearly visible ( purple signal seen in FIG . 2C ) . In addition , acids were successively loaded onto rink amide resin ( 0 . 66 
125I was identified in the thyroid , and 11lIn was observed in mmol / g resin ) using a CEM Discover Liberty Microwave 
the bladder . Interestingly , 4 hours after injection , while the Peptide Synthesizer . The peptide was purified with a Gilson 
111 In signal was still present mainly in the blood , the 1251 UV / Vis - 152 high performance liquid chromatographer 
signal was isolated to the thyroid , stomach , and bladder 65 ( HPLC ) using a C18 preparation column . Molecular weight 
( FIG . 8 ) . This result is attributed to functional in vivo of 1648 g / mol was confirmed with matrix - assisted laser 
stability of the 11lIn chelation by DTPA and the thiol d esorption ionization mass spectrometry ( MALDI - MS ) . 
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Nanoparticle Surface Modification . polyclonal rabbit anti - goat IgG conjugated to horseradish 
10 mL of 10 nm diameter citrate - stabilized gold nanopar - peroxidase in PBS - T containing 3 % nonfat dry milk ( w / v ) . 

ticle suspension ( Sigma Aldrich ; 6x1012 particles / mL ) was Membrane was then washed three times for 10 min each in 
centrifuged for 1 . 5 hours at 20 . 3 g . Supernatant was PBS - T and developed using the SuperSignal West Pico 
removed , and the nanoparticle pellet was resuspended in 5 5 chemiluminescent Substrate ( Pierce Biotechnology , Rock 
mL of ultrapure water containing 2 . 2 mg mPEG - SH ford , 111 . ) according to the manufacturer ' s instruction . ( MW5000 ) and 1 mg of synthesized peptide . After 20 Tumor Mouse Model . minutes of sonication , the suspension was shaken for 48 All animal studies were performed in compliance with 
hours , then centrifuged for 1 . 5 hours at 20 . 3 g . Supernatant guidelines set forth by the NIH Office of Laboratory Animal was again removed , 5 mL 0 . 1 M NH OAC ( pH 5 . 5 ) was 10 Welfare and approved by the Washington University Animal added , and suspension was centrifuged for 2 hours at 13 . 9 g . Studies Committee . The A431 ( ATCC , Manassas , Va . ) and Supernatant was removed , leaving a 40 uL gold nanoparticle 4T1Luc ( Sibtech , Brookfield , Conn . ) cells were cultured in pellet . 

In Vitro MMP9 Experiment . Dulbecco ' s Modified Eagle Medium ( DMEM ) containing 
1 mL of peptide - functionalized gold NPs was centrifuged . 15 10 % ( v / v ) fetal bovine serum ( Invitrogen , Carlsbad , Calif . ) 

supernatant decanted , and resuspended in 0 . 1 M NH40AC . supplemented with penicillin ( 100 ug / mL ) and streptomycin 
110 uCi 64Cu , provided by the Washington University ( 100 ug / mL ) in a humidified atmosphere of 5 % CO , in air . 
Cyclotron Facility , was added to the NP pellet and shaken at To form bilateral xenograft tumors ( 2 tumors per mouse ) , 
45° C . for 1 hour . Radiolabeled NPs were purified from 10° A431 cells in 100 uL phosphate buffered saline ( PBS ) 
nonchelated 64Cu by centrifugation . Then NP suspensions 20 were injected into each flanks of 12 week old male nude 
were incubated with 20 ng MMP9 for 1 . 5 hours , after which mice weighing 25 - 30 g , and tumors were allowed to grow 
450 UL PBS was added and supernatant was purified from for 18 days . In separate nude mice , 5x10° 4 T1Luc cells in 
the NPs by centrifugation filtration using a 10 k MW filter . 100 UL PBS were injected into each flanks , and tumors were 
Supernatant and NP pellets were counted for radioactivity in allowed to grow for 8 days . Average tumor sizes for either 
a PerkinElmer 1480 Automatic Gamma Counter . 25 type were ~ 100 mm . 

Nanoparticle Dual - Radiolabeling Strategy . SPECT / CT In Vivo Imaging . 
7 . 1 mCi 111 InCl2 ( 16 uL ) was added to the 40 uL gold 100 uL of dual radiolabeled gold nanoparticle suspension 

nanoparticle pellet and reacted at 45° C . for 75 minutes . 500 ( - 0 . 8 mCi 111 In and 0 . 7 mCi 125I ) was injected via the tail 
UL PBS was added to the pellet and centrifuged for 2 hours vein of nude mice bearing bilateral tumors ( either A431 with 
at 20 k g force . Supernatant was removed , leaving 5 . 6 mCi 30 high MMP9 expression or 4T1Luc with low MMP9 expres 
of lllin in the pellet . The pellet was then transferred to an sion ) . SPECT / CT imaging was performed on the Nano 
iodogen tube and 3 . 4 mCi Nal251 ( 50 uL ) was added and SPECT / CT . As described in the SPECT phantom study 
allowed to react for 1 hour . Radiochemical purity was methods above , two energy windows were simultaneously 
quantified by thin layer chromatography ( TLC ) . tracked in order to detect both 111 In and 1251 . 16 projection 
SPECT Phantom Study . 35 scans ( 60 seconds per scan ) were performed immediately 
1 mL of the dual - radiolabeled NP ( ~ 100 uCi 11lIn and 70 after injection , as well as 4 hours , 24 hours , and 48 hours 

uCi 125I ) was placed in a 1 . 5 mL microcentrifuge tube , along later . Tumor standardized uptake values ( SUVs ) were quan 
with two 1 mL controls containing either only 21 ( 96 uCi ) tified from SPECT / CT images using Inveon Research Work 
or only 11lIn ( 71 uCi ) . Tubes were imaged with 16 projec space software ( Siemans ) . 
tion scans ( 15 seconds per scan ) in a NanoSPECT / CT 40 Biodistribution . 
( Bioscan , Inc . , Washington , D . C . ) Two energy windows After the 48 hour time point , animals were sacrificed , and 
were simultaneously tracked in order to detect both 111 In and then organs were removed , weighed , and counted for radio 
1251 ; 200 60 keV was monitored to track 111In , and 28 : 3 activity in a Wizard Model 1480 gamma counter both 
keV was used to track 1251 . immediately after sacrifice and 2 weeks later to isolate signal 

Western Blot for MMP9 . 45 from both 111 In and 1251 . 
4T1Luc tumor and A431 tumor tissues were homogenized 

using an ultrasonic processor in CHAPS buffer ( 50 mM References for Example 1 
Pipes / HC1 , pH 6 . 5 , 5 mM dithiothreitol ( DTT ) , 2 mM 
EDTA , 0 . 1 % Chaps , 20 ug ml - l leupeptin , 10 ug ml - 1 1 . Peer , D . ; Karp , J . ; Hong , S . ; Farokhzad , O . ; Margalit , R . , 
pepstatin , 10 ug ml - ? Aprotinin , 1 mM phenyl methylsul - 50 Nanocarriers as an Emerging Platform for Cancer 
phonyl fluoride ) , and then the tissue lysates were clarified by Therapy . Nat . Nanotechnol . 2007 , 2 , 751 - 760 . 
centrifugation . After protein extraction , the protein concen - 2 . ( a ) Huang , X . ; Jain , P . ; El - Sayed , I . ; El - Sayed , M . , Gold 
tration was determined by the Bio - Rad Protein assay Nanostructures : Interesting Optical Properties and Recent 
reagent , the tumor samples were adjusted to an equal amount Applications in Cancer Diagnostics and Therapy . Nano 
of protein ( 50 ug ) . Any kD Mini - Protean TGX Gel ( Bio - 55 medicine 2007 , 2 , 681 - 693 ; ( b ) Cobley , C . ; Chen , J . ; Cho , 
Red , Hercules , Calif . ) was performed using the EC120 Mini E . ; Wang , L . ; Xia , Y . , Gold Nanostructures : A Class of 
vertical gel system ( Thermo EC , Holbrook , N . Y . ) . After SDS Multifunctional Materials for Biomedical Applications . 
denaturing electrophoresis , proteins were transferred to Chem . Soc . Rev . 2011 , 40 ( 44 - 56 ) . 
PVDF membrane using an EC140 Mini Blot Module 3 . Wang , Y . ; Black , K . ; Luehmann , H . ; Li , W . ; Zhang , Y . ; 
( Thermo EC , Holbrook , N . Y . ) apparatus . The membrane 60 Cai , X . ; Wan , D . ; Liu , S . ; Li , M . ; Kim , P . ; Li , Z . ; Wang , 
was blocked 1 h at room temperature in PBS containing 5 % L . ; Liu , Y . ; Xia , Y . , Comparison Study of Gold Nano 
nonfat dry milk ( w / v ) , 0 . 1 % ( v / v ) Tween - 20 ( PBS - T ) , fol - hexapods , Nanorods , and Nanocages for Photothermal 
lowed by incubation with goat polyclonal anti - MMP - 9 Cancer Treatment . ACS Nano 2013 , 7 ( 3 ) , 2068 - 2077 . 
( R & D Systems Inc , Minneapolis , Minn . ) primary antibody 4 . Black , K . ; Yi , J . ; Rivera , J . ; Zelasko - Leon , D . , Polydop 
( 0 . 1 ug / ml ) in PBS - T containing 3 % nonfat dry milk ( w / v ) 65 amine - enabled surface functionalization of gold nanorods 
at 4° C . overnight . After washing three times for 10 min each for cancer cell - targeted imaging and photothermal 
in PBS - T , the membrane was incubated for 1 h with diluted therapy . Nanomedicine 2013 , 8 ( 1 ) , 17 - 28 . 
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5 . Black , K . ; Sileika , T . ; Yi , J . ; Zhang , R . ; Rivera , J . ; Radiolabeling and purity was characterized with radioac 
Messersmith , P . , Bacterial Killing by Light - Triggered tive thin layer chromatography . DTPA was radiolabeled with 
Release of Silver from Biomimetic Metal Nanorods . Cu - 64 and the probe was incubated with MMP9 , and sig 
Small 2014 , 10 ( 1 ) , 169 - 178 . nificantly higher activity was released compared to control , 

6 . Zeng , D . ; Lee , N . ; Liu , Y . ; Zhou , D . ; Dence , C . ; Wooley , 5 which is attributed to the peptide cleavage by MMP9 . Proof 
K : Katzenellenbogen , J . : Welch , M . , 64Cu Core - Labeled of concept experiments were performed in tumor mouse 
Nanoparticles with High Specific Activity via Metal - Free models with differing MMP9 expression profiles , where 
Click Chemistry . ACS Nano 2012 , 6 ( 6 ) , 5209 - 5219 . preliminary evidence showed a differential uptake profile in 

7 . ( a ) Wang , Y . , Liu , Y . ; Luehmann , H . ; Xia , X . ; Brown , P . ; the different types of tumors , which is evidence for detection 
Jarreau , C . ; Welch , M . ; Xia , Y . , Evaluating the Pharma he Pharma 10 of the peptide cleavage event by MMP9 . 
cokinetics and In Vivo Cancer Targeting Capability of Au Detection of MMP activity is relevant to a number of 
Nanocages by Positron Emission Tomography Imaging . biological processes and diseases , including cancer and 

acute lung injury . ACS Nano 2012 , 6 ( 7 ) , 5880 - 5888 ; ( b ) Zhao , Y . ; Sultan , Introduction to Example 3 . D . ; Detering , L . ; Cho , S . ; Sun , G . ; Pierce , R . ; Wooley , K . ; * * * 15 Imaging agents that activate under specific conditions , for Liu , Y . , Copper - 64 - Alloyed Gold Nanoparticles for Can example under low pH or in the presence of an enzyme , have cer Imaging : Improved Radiolabel Stability and Diagnos the ability to provide molecular , biological , and physiologi 
tic Accuracy . Angew . Chem . Int . Ed . 2014 , 53 , 156 - 159 . cally specific contrast . Most often , these activatable probes 

8 . ( a ) Wang , Y . ; Liu , Y . ; Luehmann , H . ; Xia , X . ; Wan , D . ; are optical in nature , wherein an emitter is linked with a 
Cutler , C . ; Xia , Y . , Radioluminescent Gold Nanocages 20 quencher by a cleavable domain . This has allowed for the 
with Controlled Radioactivity for Real - Time in Vivo characterization and imaging of not just binding events , but 
Imaging . Nano Lett . 2013 , 13 , 581 - 585 ; ( b ) Black , K . ; other biological processes such as enzyme activity . Probes 
Wang , Y . ; Luehmann , H . ; X Cai ; W Xing ; Pang , B . ; Zhao , specific for matrix metalloproteinases ( MMPs ) and cas 
Y . ; CS Cutler ; LV Wang ; Y Liu ; Xia , Y . , Radioactive pases , among others , have been reported . The activatable 
198Au - Doped Nanostructures with Different Shapes for 25 optical contrast agents , however , are hampered by their poor 
In Vivo Analyses of Their Biodistribution , Tumor Uptake , tissue penetration , which has limited their clinical translat 
and Intratumoral Distribution . ACS Nano 2014 , Apr . 25 ability in many areas . Therefore , a nuclear activatable alter 
( DOI : 10 . 1021 / nn406258m ) . native is highly desired in order to fulfill the promise of this 

9 . ( a ) Lee , H . ; Akers , W . ; Edwards , W . ; Liang , K . ; Cheney , class of imaging agent . Recently , a gold nanoparticle dually 
P . ; Culver , J . ; Achilefu , S . , Complementary optical and 30 radiolabeled with 11 In and 1251 was synthesized in order to 
nuclear imaging of caspase - 3 activity using combined image activation in the presence of MMP9 in a tumor model 
activatable and radio - labeled multi modality molecular by using two - channel SPECT imaging . 
probe . Journal of Biomedical Optics 2009 , 14 ( 4 ) , An intriguing alternative radiochemistry involves the 
040507 - 1 ; ( b ) Olson , E . ; Jiang , T . ; Aguilera , T . ; Nguyen , incorporation of radiometals into metal nanocrystals . 198 Au 
Q . ; Ellies , L . ; Scadeng , M . ; Tsien , R . , Activatable cell 35 has been incorporated into gold nanocrystals and used for 
penetrating peptides linked to nanoparticles as dual imaging and biodistribution studies , and 64Cu has similarly 
probes for in vivo fluorescence and MR imaging of been integrated into gold nanoalloys for PET imaging , 
proteases . Proc . Natl . Acad . Sci . U . S . A . 2010 , 107 ( 9 ) , which have superior radiostability to commonly used chela 
4311 - 4316 ; ( c ) Solomon , M . ; Guo , K . ; Sudlow , G . ; Ber - tion chemistries . Due to its lower energy emissions com 
ezin , M . ; Edwards , W . ; Achilefu , S . , Akers , W . , Detection 40 pared to 198 Au and 64Cu , 199 Au is an isotope with better 
of enzyme activity in orthotopic murine breast cancer by suited for SPECT . 
fluorescence lifetime imaging using a fluorescence reso 
nance energy transfer - based molecular probe . Journal of Example 3 . In Vivo Ratiometric Imaging with 
Biomedical Optics 2011 , 16 ( 6 ) , 066019 - 1 . Activatable Multispectral Dual - Radiolabeled 

10 . Mebrahtu , E . ; Zheleznyak , A . ; Hur , M . ; Laforest , R . ; 45 Metallic Nanocrystals 
Lapi , S . , Initial characterization of a dually radiolabeled 
peptide for simultaneous monitoring of protein targets and In order to provide a nuclear alternative to optical imaging 
enzymatic activity . Nuclear Medicine and Biology 2013 , probes that can be activated in the presence of enzymes , a 
40 , 190 - 196 . dual - radiolabeled gold nanoparticle SPECT probe was 

50 recently designed targeting MMP9 . Multispectral imaging 
Example 2 . SPECT Imaging Nanoprobe for the was performed , accumulation in tumors was observed , and 
Detection of Matrix Metalloproteinase ( MMP ) evidence of activation was observed in vitro and in vivo . 

Activity One of the necessary properties of the dual - radiolabeled 
probes is spectral distinction between the two nuclides . 

In short the invention is the formulation of a SPECT 55 While comprehensive studies have been performed incor 
nanoparticle probe for the detection of MMP activity . The porating 198 Au into gold nanocrystals , this nuclide ’ s 412 
surface of a 10 nm sized gold nanoparticle is functionalized keV y - emission is too energetic for optimal function in 
through a thiol anchor with a peptide ( DTPA - Gly - Pro - Leu - SPECT imaging . Therefore , 199 Au was explored as an 
Gly - Val - Arg - Gly - Lys - Gly - Tyr - Gly - Ahx - Cys - NH - SEQ alternative isotope . In order to determine if the 159 keV y 
ID NO : 1 ) that is cleaved in the presence of MMP9 . The 60 emission from 199 Au could be spectrally separated from the 
surface is also functionalized with methoxy polyethylene 171 and 240 keV y emissions from 111In , a multispectral 
glycol ( mPEG ) to increase colloidal stability . The DTPA is SPECT imaging experiment was performed . In this initial 
radiolabeled with In - 111 ( or Cu - 64 or potentially other experiment , phantoms containing 199 Au and 111In SPECT 
radiometals ) and Tyrosine is radiolabeled with 1 - 125 . MMP signal from phantoms containing 199 Au and 111In was 
activity can be detected by tracking the 2 radionuclides 65 acquired simultaneously from two energy windows centered 
independently , where after the peptide is cleaved , the radio - at 159 keV ( red - yellow ) and 240 keV ( green ) . Importantly , 
metal is released from the nanoparticle . signal was only detected in the 159 keV channel from 199 Au , 
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and lllIn was detected most strongly in the 245 keV channel , Aqueous solutions containing the multispectral probe and 
with slight bleed over into the 159 keV channel due to its controls of the individual 199 Au and 111In nuclides were 
171 keV emission . imagined with single photon emission computed tomogra 
Once the SPECT imaging properties of 199 Au were vali phy ( SPECT ) using two distinct energy windows of acqui 

dated , gold nanocrystals containing 199 Au were synthesized 5 sition , 159 : 11 keV ( red ) and 245 - 60 keV ( blue ) y signal was 
through an aqueous reduction method adapted from that 
pioneered by Turkovich ( FIG . 12 ) . Citrate - 199 AuNPs were channels , making the merged image of this solution appear 
synthesized according to the protocol that was established in purple . The 199 Au control was only detected in the 159 keV 
our laboratories in which 2 ml of 0 . 5 mM of NaAuC14 and channel , remaining red in the merged image . Since 11lIn is 
15 ul of 199Au were mixed together , heated , and stirred until il 10 characterized by y emissions at both 171 keV and 245 keV , 

signal was detected in both channels and thus appears purple the solution ' s temperature reached the boiling point . Then , in the merged image . One of the goals of this study was to 206 ul of 38 . 8 mM of sodium citrate was added with use the 2 channels to distinctly quantify concentrations of continuous heating and stirring . After a few minutes the 199 Au and 11lIn , and since 1l In provides signal in both 
color of the solution transformed gradually from pale yellow 15 channels , image processing was performed in order to 
to wine red color , an indication of the formation of gold subtract 171 keV lll In signal from the 159 keV imaging 
nanocrystals . After 10 min , the solution was stirred at room channel to make the remaining signal representative of 
temperature for 15 min . An LSPR maximum wavelength of 199 Au concentration . Importantly , a simple linear relation 
525 nm was observed with UV - Vis spectroscopy . Radio thin ship was observed between 111In concentration and signal 
layer chromatography ( TLC ) was used to measure the yield 20 detected in the 245 keV channel . Therefore an 111 In con 
of 199 Au contained in the gold nanocrystals , and confirmed centration could be quantified from the 245 keV channel , 
that greater than 96 % of 199 Au was present in the nanoc - and then a proportional amount of signal could be subtracted 
rystal form and there was undetectable free 199 Au in the from the 159 keV channel to determine 199Au concentration . 
suspension . Once this analysis was performed , the dual - nuclide sample , 

To compare the 1251 - labeled nanoprobe to the radioactive 25 the 199 Au control , and the 11 In control appear purple , red , 
metal nanocrystal , two probes were synthesized : ( 1 ) a simi - and blue , respectively ( FIG . 15 ) . 
larly pegylated 1251 - labeled gold nanoparticle used in the The dual - radiolabeled nanocrystals were then explored as 
recent study and ( 2 ) a pegylated radioactive gold nanocrys enzyme - activatable nuclear contrast agents . Simply , the con 
tal , where the nuclide is embedded directly into a metal cept involves the tethering of 2 distinct nuclear emitters 
crystal structure that provides significantly enhanced in vivo 30 which are cleaved from one another in the presence of an 
stability . The two gold nanoparticle constructs were injected enzyme , leading to their spatial separation over time . In this 
intratracheally into the lungs of mice and imaged immedi - instance , a 199Au - containing gold NP is separated from " In 
ately and then 3 and 24 hours later ( FIG . 13 ) . Clear differ - with a peptide cleaved in the presence of MMP9 . To explore 
ences in clearance were observed between the two probes . the use of the multispectral dual - radiolabeled metallic 
Whereas there was no significant decrease in uptake values 35 nanocrystals for in vivo ratiometric imaging , suspensions 
of 199 Au - doped nanocrystals from the lung even 24 hours were intratracheally injected into the lungs of mice and 
after injection , a 76 % decrease was observed with the imaged over a 96 hour time period ( FIG . 16 ) . Standardized 
1251 - labeled counterparts . These preliminary experiments uptake values ( SUVs ) in lungs were quantified in both the 
provided evidence that a ' 99 Au - doped gold nanocrystal was 159 keV and 245 keV channels , and a clear change in 
a viable alternative to the unstable 1251 - labeled gold nano - 40 ratiometric signal was observed over time . Immediately 
particles . upon injection , strong signal from both of the imaging 

Therefore , two dual radiolabeled nanoprobes were syn - channels was detected , giving a ( SUV ] Au199 / [ SUV ] In " 11 
thesized using the 19 Au - doped gold nanocrystals as a core ratio of 0 . 32 + 0 . 04 ( upper panels ) , represented by the purple 
( FIG . 14 ) . In one scheme ( upper flow ) , the radioactive gold lungs in the merged window image , which increased to a 
nanocrystals were surface functionalized with a polyethyl - 45 ratio of 0 . 85 + 0 . 47 5 hours later . By 24 hours , the ratio had 
ene glycol conjugate ( DTPA - PMMP9 - PEG - SH ) . The mol - increased to 3 . 15 + 0 . 26 , and remained at 3 . 34 : 1 . 05 96 hours 
ecule was synthesized in a step wise fashion . First , a peptide after injection ( lower panels ) , represented by the mostly red 
( PMMP9 ; SEQ ID NO : 1 : DTPA - Gly - Pro - Leu - Gly - Val - Arg - lungs in the merged energy window . 
Gly - Lys - Gly - Tyr - Gly - Ahx - Cys - NH2 ) was built on solid To interrogate the specificity of the change in ratiometric 
support . Once cleaved from the resin , the peptide was linked 50 signal , an experiment was performed wherein the dual 
onto a PEG5000 through a DBCO - maleimide linker . Spe - labeled nanocrystal was incubated with MMP9 and then 
cifically , the thiol from the cysteine residue was reacted to injected into the lung of mice ( FIG . 17 ) . Importantly , clear 
maleimide to form a thioether bond , leaving the DBCO differences were observed between samples that had been 
functional group to react to an azide on a bifunctional incubated with MMP9 compared to those that had not . More 
azide - PEG - SH . Once synthesized , the PEG conjugate con - 55 specifically , the [ SUV ] Au1997 [ SUV ] In " ll was significantly 
tained ( 1 ) a DTPA moiety for 11lIn chelation , ( 2 ) a peptide enhanced in the lungs of mice injected with pre - incubated 
cleaved specifically in the presence of MMP9 , ( 3 ) a probes at all imaging time points compared to control . 
PEG5000 chain to stabilize the gold NPs in aqueous con Whereas the average pixel ratio in the MMP9 lung was 4 . 3 
ditions , and ( 4 ) a thiol endgroup for anchorage to the gold directly upon injection , the control had a value of 2 . 5 . The 
surface . In an alternative synthetic scheme ( lower flow ) , one 60 contrast dramatically increased 2 hours later , where the 
based on a previous design , the 199 Au - containing gold NPs MMP9 lung ratio increased to 8 . 6 but the control remained 
were simultaneously incubated with both mPEG - SH and steady at 1 . 8 . Both conditions moderately increased ratio 
DTPA - PMMP9 to form a mixed surface coating . After ( associated with preferential clearance of lllIn compared to 
surface functionalization , the NPs were incubated with 111 In 199 Au ) over the course of 24 hours , represented in FIG . 17 
in an acidic buffer to chelate to DTPA functional groups on 65 by a preferential loss of 245 keV emission ( blue ) and an 
the outer end of the PEG , which was confirmed by radio increased ratio intensity in the MMP9 + lungs compared to 
TLC . controls . 24 hours after injection , the MMP9 lung reached an 

en 
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average ratio value of 21 . 3 compared to a control ratio value Ratiometric organ imaging was also performed and also 
of 9 . 9 ( FIG . 17 , final panel ) . The lungs were excised and provided quantitative evidence for activation of the probe by 
gamma emission spectra were acquired in a Ge detector , and MMP9 . 
a 34 % enhancement in the 159 keV / 245 keV ratio was Both 2 channel ratiometric imaging and organ ratiometric 
observed in MMP9 lungs compared to control ( data not 5 imaging provided clear evidence of probe activation by 
shown ) . MMP9 . 

To further validate the specificity of the activation , an This value of a max of radioactive - Citrate gold nanopar 
identical experiment as the one just described was per ticles was longer than àmax of non - radioactive gold nano 

formed with an 111In - labeled non - radioactive gold nanopar particles by only 5 nm . The results of Graber et al . ( 1995 ) 
ticle probe , similar to a radioactive nanoparticle previously 10 showed that the non - radioactive citrate - gold nanoparticles 

have have amax of 520 nm and have core size of 13 nm . In reported . An initial in vitro validation was performed ; when the present work , radioactive - Citrate 199AUNPs have amax incubated with MMP9 for 48 hours , 48 % lin was cleaved of 525 nm . This result indicates that the size of radioactive from the nanoparticle compared to only 16 % without gold nanoparticles is still less than 15 nm . 
MMP9 . With this singly - labeled probe , an alternative in vivo 15 The 199 Au - doped nanocrystals have promise in more than 
ratiometric imaging approach was performed ( FIG . 18A ) . lung administration applications . As a proof of concept 
Rather than compare the ratio between two gamma energy experiment , a suspension was injected via the tail vein of 
channels , uptake intensity ratios between the lungs and mice . 
kidneys or bladder were quantified . Importantly , clear dis - Methods for Example 3 . 
tinctions were observed between the MMP9 and control 20 Materials and Methods for Producing Radioactive Citrate 
groups . Immediately upon injection , uptake in the kidneys 199 Au Nanoparticles 
and bladders of the mice in the MMP9 group was signifi Chemicals . 
cantly higher than controls , providing enhanced kidney / lung All chemicals were research grade unless otherwise 
and bladder / lung ratios of 0 . 12 + 0 . 04 and 0 . 56 + 0 . 24 , respec - stated . Sodium citrate and Ethyl Acetate were obtained from 
tively , compared to control ratio values of 0 . 01 + 0 . 004 and 25 Fisher Scientific Company , Sodium tetrachloroaurate 
0 . 08 + 0 . 04 ( FIG . 18B ) . Differences were also observed 5 ( NaAuC14 ) ( 99 . 999 % ) was purchased from Sigma Aldrich 
hours after injection ( FIG . 18C ) , where the bladder / lung Company . Enriched 95 . 83 % Platinum - 198 metal powder 
ratio remained elevated in the MMP9 - incubated condition used to produce 199 Au was obtained from Trace Sciences 
( 0 . 19 + 0 . 15 ) compared to the control ( 0 . 03 + 0 . 003 ) . 24 hours ( Ontario , Canada ) . 
after injection , along with mucocilliary clearance from the 30 m the 30 Measurements . 

The absorption measurement for nanoparticles was per lung to the stomach and gastrointestinal system being evi formed on an . The yield of radioactive gold nanoparticles dent in both groups , overall " l In clearance from the lung was measured using cellulose paper developed in methanol was enhanced in the MMP9 group compared to control , both containing two drops of concentrated HC1 . The TLCs were by SPECT uptake quantification ( FIG . 18D ) and ex vivo , VO 35 measured via a carrier - free 199 Au production . Enriched 198Pt gamma counting . metal powder targets encapsulated in quartz ampoules were 
The multispectral imaging also provided information irradiated with neutrons to produce 199Pt according to the 

about other physiological parameters . For example evidence nuclear equation Pt - 198 ( ny ) Pt - 199 which rapidly decays by 
for mucociliary clearance was observed in all of the mice . In B - emission to 199 Au . Specifically , 1 . 76 mg of enriched Pt 
one particular example , 5 hours after injection , signal co - 40 metal powder was irradiated for 152 . 11 hr in the high flux 
registered from both energy windows was observed in the position at the Missouri University Research Reactor 
mouth of mice and interestingly , 159 keV signal was pref - ( MURR ) . Initial activity of Pt / 199 Au was 115 . 6 mCi . Then 
erentially detected in the stomach compared to the 245 keV the material was dissolved in 400 uL of aqua regia . To this 
signal , and in contrast 245 keV signal was preferentially 400 uL of 0 . 05M HC1 was added twice and heated to 
located in the intestines , implying cleavage of " In from the 45 azeotrope off nitric acid . The final volume was 400 uL of 3M 
199 Au - doped nanocrystal in the stomach after mucociliary HC1 with a final activity of 104 . 3 mCi . 
clearance from the lung . Pt / Au - 199 separation was performed by liquid - liquid 
Discussion for Example 3 . extraction . 400 uL of Pt / 199 Au in 3M HCl were mixed with 

This study reports on the synthesis , characterization , and 400 uL of ethyl acetate and vortexed for 1 minute . After 
application of a nuclear activatable imaging probe that 50 allowing sitting for 5 minutes at room temperature , the 
targets MMP9 . Multiple chemistries were necessary in order layers were separated . The top layer contained 76 mCi of 
to form the agent , 111In - DTPA chelation , gold - thiol bonds , carrier - free 199 Au in ethyl acetate . Quality control was 
and metallic bonding provided the necessary stability in performed by analyzing a small aliquot of the separated 
order to detect specific cleavage in the presence of MMP9 . 199 Au to 10 ml of 0 . 05M HCl with a High Purity Germanium 

The y emission properties of the two isotopes were also 55 spectrometer with Genie - 2000 Procount software . The 
sufficient to provide two - channel ratiometric imaging in 199 Au in ethyl acetate was dried to remove the ethyl acetate . 
mice lung . The 245 keV channel detected only the 240 keV Next 400 uL of 0 . 05 M HCl was added 2 times and brought 
emission from 111In , whereas the 159 keV channel detected to near dryness . The material was brought to a final volume 
the 159 keV emission for 199 Au as well as the 171 keV and of 60 uL with H20 and a total activity of 32 mCi . The 
downscatter from 111In . While there was significant “ bleed 60 radionuclidic purity of non - carrier added 199 Au was mea 
over ” 11lIn signal into the lower energy window , it could be sured using a High Purity Germanium detector with Genie 
corrected based on the pure 11lIn 245 keV channel . With this 2000 Procount software . 
simple correction , ratios could be quantified at every pixel in Synthesis of Radioactive Citrate - 199 AuNPs . 
the 3D SPECT image and representative on an intensity Gold nanocrystals containing 199 Au were synthesized 
scale ( FIG . 16 and FIG . 17 ) . This allowed for in vivo 65 using a citrate reduction method . 2 ml of 0 . 5 mM NaAuC14 
ratiometric imaging of the lung to interrogate activation by was added to a V - bottom vial , followed by the addition of 15 
MMP9 . ul of 199 Au ( 8 . 5 mCi ) . The mass of 199 Au is negligible and 
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the volume of 199 Au that is mixed with NaAuC14 is based on bated at 25° C . for 1 . 5 hours . Radiochemical purity was 
the required activity of the final solution of nanoparticles . quantified by thin layer chromatography ( TLC ) . 
Next , the vial containing the solution of NaAuC14 and 199 Au Another dual - radiolabeled probe was synthesized from 
was stirred vigorously and continuously and brought to a the " Au - containing gold nanocrystals that uses a similar 
boil ( 99 - 100° C . ) . When the solution ' s temperature reached 5 design to a nanoparticle SPECT probe recently reported . 
the boiling point , 206 ul of 38 . 8 mM sodium citrate was Briefly , 2 . 2 mg mPEG - SH ( MW = 5000 ) and 1 . 0 mg of the 
added to the solution . This resulted in a gradual color change DTPA - PMMP9 peptide were dissolved in 1 mL ultrapure 
from pale yellow to greyish - blue to the expected wine red water and immediately added to the 2 mL radioactive gold 

nanocrystal suspension , vortexed vigorously , and then color . The boiling and stirring was continued for 10 minutes . 
The solution was then removed from heat and stirring was * 10 mixed at 25° C . for 8 hours . The suspension was centrifuged 

for 30 minutes at g - force , and the supernatant was removed . continued at room temperature for an additional 15 minutes . An aliquot containing 194 uCi 199Au was dissolved in 100 The final color was wine red which indicates the formation uL of 0 . 1 M NH40Ac buffer ( pH 5 . 5 ) , and then 100 uCi of gold nanocrystals . The surface plasmon resonance of the 11lInCl ( 0 . 31 uL ) was added to the suspension , vortexed , and 
resulting solution of radioactive gold nanocrystals was char - 15 shaken at 45° C for 75 minutes . 
acterized by UV - Vis extinction spectroscopy using an Ocean Phantom Imaging . 
Optics USB 2000 . Radioactive thin layer chromatography Three distinct aqueous samples were imaged : ( 1 ) the dual 
( TLC ) was performed to estimate the yield of radioactive labeled probe described above , diluted to 0 . 10 mCi 111 In and 
199 Au gold nanocrystals . 1 ul of nanoparticle suspension 0 . 23 mCi 199 Au in 1 mL , ( 2 ) 0 . 25 mCi 199 Au gold NPs 
was deposited onto cellulose paper . After 5 min , the TLC 20 suspended in 1 mL , and ( 3 ) 0 . 077 mCi 111InC1 in 1 mL . 
plate was placed vertically in a developing chamber that Tubes were imaged with 24 projection scans ( 60 seconds per 
contained 4 ml of methanol and two drops of concentrated scan ) in a NanoSPECT / CT ( Bioscan , Inc . , Washington , 
HCL . After developing the paper was removed from the D . C . ) . Two energy windows were simultaneously acquired 
chamber and left to dry for five minutes , and then measured in order to detect both 11 In and 199 Au ; 240u60 keV was 
on a Bio Scan AR - 2000 radio - chromatographer to determine 25 monitored to track 111In , and 159 + 11 keV was used to track 
the radiochemical yield . 

Pegylation . In Vivo SPECT / CT Imaging . 
In order to pegylate the surface of 199 Au - doped gold The Animal Studies Committee of the Washington Uni 

nanocrystals , 2 . 5 mg mPEG - SH ( MW5000 ) was dissolved versity School of Medicine approved these studies . C57BL / 
in 1 mL of ultrapure water , added to the 2 mL 199 Au - doped 30 6J mice were obtained from Jackson Laboratory ( Bar Har 
gold nanocrystal suspension , which was mixed overnight . bor , Me . ) and housed in a barrier facility . 50 uL of either 
Suspensions were centrifuged at 14 . 5 k g for 1 . 5 hours and 1231 - labeled gold NPs ( 500 uCi ) , 199Au - containing gold NP 
the supernatant was removed . ( 370 uCi ) , or dual radiolabeled gold nanoparticle suspension 

1251 - Labeled Gold Nanoparticle Synthesis . ( - 0 . 18 mCi 11lIn and 0 . 41 mCi 199 Au ) was injected intra 
Labeling was performed in a similar manner previously 35 tracheally into mouse lungs in two 25 uL doses one minute 

described . Briefly , 3 mL of 10 nm diameter citrate - stabilized apart . SPECT / CT imaging was performed on the Nano 
gold nanoparticle suspension ( Sigma Aldrich ; 6x1012 par - SPECT / CT . As described in the SPECT phantom study 
ticles / mL ) was centrifuged at 20 kg force for 1 . 5 hours , and methods above , two energy windows centered at 240 keV 
supernatant was removed . 300 uL of 0 . 5 mg / ml PEG - and 159 keV were simultaneously tracked in order to detect 
PMMP9 was added to the suspension and mixed overnight , 40 both 111In and 199 Au , respectively . 24 projection scans ( 60 
centrifuged for 1 . 5 hours at 20 kg , and the supernatant was seconds per scan ) were performed immediately after injec 
decanted . 50 ÎL PBS was added and suspensions was tion , as well as 5 hours , 24 hours , and 96 hours later . Lung 
transferred to an iodogen tube . 6 °L 1251 ( 636 uCi ) was standardized uptake values ( SUVs ) were quantified from 
added and the sample was periodically shaken gently for 1 SPECT / CT images using Inveon Research Workspace soft 
hour . Radiochemical purity was confirmed by TLC . 45 ware ( Siemans ) . 

Peptide ( DTPA - PMMP9 ) Synthesis . MMP9 Experiment . 
Standard Fmoc solid phase synthetic protocols were used The dual - radiolabeled nanocrystal suspension was sepa 

to synthesize the peptide containing the MMP9 substrate , rated into 50 uL samples containing 20 ng MMP9 and 
tyrosine residue , DTPA chelator , and cysteine anchor ( SEO incubated at 37° C . for 9 hours ( along with control that was 
ID NO : 1 : DTPA - Gly - Pro - Leu - Gly - Val - Arg - Gly - Lys - Gly - 50 incubated without MMP9 ) . 50 uL ( ~ 80 uCi 199 Au and 40 
Tyr - Gly - Ahx - Cys - NH , ) . Briefly , amino acids were succes - uCi 111In ) was then intratracheally injected into C57 Black6 
sively loaded onto rink amide resin ( 0 . 66 mmol / g resin ) mice and two - channel SPECT imaging was performed as 
using a CEM Discover Liberty Microwave Peptide Synthe - described above . In another experiment , a similar protocol 
sizer . The peptide was purified with a Gilson UV / Vis - 152 was performed with the non - radioactive gold NP core func 
high performance liquid chromatographer ( HPLC ) using a 55 tionalized with an 111In - labeled , MMP9 - cleavable peptide . 
C18 preparation column . Molecular weight of 1648 g / mol Briefly , 10 mL of 10 nm diameter gold nanoparticles ( Sigma 
was confirmed with matrix - assisted laser desorption ioniza Aldrich ) was centrifuged at 10 k g - force for 70 minutes , 
tion mass spectrometry ( MALDI - MS ) . supernatant was removed , the pellet was resuspended in 1 

Dual - Labeled Probe Synthesis . mL of ultrapure water containing 2 . 2 mg mPEG - SH 
1 . 2 mg of the DTPA - PMMP9 - PEG - SH was dissolved in 60 ( MW = 5000 ) and 1 . 0 mg PMMP9 peptide , and shaken over 

1 mL ultrapure water , and then mixed with the 2 mL 199 Au night . Suspension was again centrifuged at 10 k g - force , 
gold NP suspension ( 6 mCi ) overnight . To purify unbound supernatant removed , and the pellet was resuspended in 500 
PEG - PMMP9 and other precursors , the NP suspension was ?L 0 . 1 M NH40Ac buffer ( pH 5 . 5 ) . Then 15 uL lllInC1 
centrifuged for 15 minutes at g force and supernatant was ( 5 . 23 mCi ) was added and shaken at 45° C . for 90 minutes . 
removed , leaving a 75 uL pellet containing 2 . 65 mCi . 200 uL 65 Suspension was centrifuged at 10 k g - force for 90 minutes , 
0 . 1 M NH4OAC ( pH 5 . 5 ) was added to the pellet , followed supernatant removed , and the pellet containing 2 . 96 mCi 
by 4 . 88 uL lllInCl ( 1 . 17 mCi ) , and the sample was incu was resuspended in 500 uL buffer . 50 uL aliquots with or 
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without 10 ng MMP9 were prepared and shaken at 37° C . for tifiable and reproducible manner . Another immediate chal 
16 hours . 50 uL ( ~ 230 uCi 111In ) was then intratracheally lenge is to ensure the dual radio - labeling of a single substrate 
injected into C57 Black6 mice ( n = 4 / group ) and SPECT for ratio - SPECT imaging . In the proposed strategy , the 
imaging was performed using the 245 keV channel imme - selective hydrolysis of an amide bond by the targeted 
diately upon injection and 5 and 24 hours later . 5 protease will result in the trapping of one radionuclide in 
Introduction to Examples 4 - 10 cells , while the other radionuclide is effluxed . 

There are many molecular processes involved in cancer Based on these considerations , we have developed a 
progression . The development of molecular therapies and molecular framework for developing and using dual radio 
imaging agents targeted to distinct pathological pathways nuclide - labeled SPECT imaging agents for the molecular 
has raised hope for early cancer detection and individualized 10 imaging of aberrant intracellular or extracellular proteases . 
therapy . An important biomarker of cancer is the diagnostic Determining therapeutic response can help identify nonre 
and prognostic family of proteases [ 1 ] . Although they play sponders at early time points , giving an opportunity to apply 
key roles in normal human physiology , their aberrant expres - an alternative and potentially more effective treatment [ 9 ] . In 
sion in cancer results in many undesirable effects such as an this study , we demonstrated the application of the method by 
increase in tumor proliferation , metastasis , and resistance to 15 targeting intracellular executioner caspases responsible for 
therapy . As a result , new targeted therapies have been induction of apoptosis , and thus are useful for monitoring 
developed for specifically inhibiting these enzymes in can the early response of tumors to treatment [ 10 , 11 ] . Two 
cer patients . A particularly interesting biochemical event is caspase - 3 cleavable peptides were radiolabeled with differ 
the migration of some proteases to unusual extracellular or e nt SPECT radionuclides and evaluated in vitro and in vivo 
intracellular spaces under pathological conditions , where 20 with single or dual SPECT isotopes , 1251 with 99m Tc or 11lIn . 
they exert their cancer - supporting roles [ 2 , 3 ] . In this regard , Acquisition parameters for small animal NanoSPECT imag 
a combination of quantitative detection of protein expres ing were developed for real - time dual - isotope SPECT image 
sion , localization , and functional status is required for accu analysis . Results demonstrate the potential of using multi 
rate cancer diagnosis and assessment of response to therapy . radionuclide - resolving power of clinically useful SPECT for 

Clinically , positron emission tomography ( PET ) and 25 noninvasively monitoring treatment response . 
single photon emission tomography ( SPECT ) are the 
molecular imaging techniques of choice because of their Example 4 . Synthesis of Caspase - 3 Containing 
high sensitivity and whole - body quantitative imaging capa Peptide Bio - Molecules for Imaging Apoptosis 
bilities [ 4 ) . Elegant methods have been developed to 
improve in vivo detection sensitivity of predictive enzymes 30 The primary consideration of the molecular design is to 
by PET , including the use of [ 18F ] fluorothymidine to report ensure that each molecule can be labeled with two energeti 
cell proliferation via the activity of thymidine kinase - 1 [ 5 ] . cally different SPECT radionuclides . Thus , the basic struc 
Despite the unique advantages of these nuclear imaging tural framework consists of a peptide substrate for the target 
methods , their applications in molecular imaging have been protease and reactive motifs to selectively incorporate the 
confined to receptor - targeted imaging of cancer [ 4 ] or indi - 35 radionuclides at opposite ends of the peptides . Cleavage of 
rect reporting of the functional status of proteases in vivo by the peptide substrate will alter the biodistribution profiles of 
use of radiolabeled inhibitors [ 6 ] . Currently , there are no the ensuing fragments . By determining the kinetics of each 
nuclear imaging agents for assessing the functional status of radiative fragment following cleavage , a ratiometric SPECT 
intracellular proteases in vivo . technique can be developed to report the activity of target 
Unlike PET , where all annihilation photons detected have 40 enzymes . In this study , we designed molecular imaging 

the same energy ( 511 keV ) , which precludes simultaneous probes that are sensitive to the activity of the executioner 
discrimination of multiple PET radionuclides from the same caspases ( caspase - 3 / 7 ) . These caspases , which are upregu 
tracer , SPECT has multiradionuclide - resolving power . This lated in the early phase of caspase - mediated cell death , 
is because the gamma cameras used in SPECT can acquire recognize and cleave the tetrapeptide motif , DEVD ( SEQ ID 
projection data simultaneously from two or more radionu - 45 NO : 2 — aspartic acid - glutamic acid - valine - aspartic acid ) . To 
clides in separate energy windows with resolution exceeding illustrate the concept , we designed two molecular imaging 
that of micro - PET [ 7 ] . In addition to differences in the agents , LS370 ( SEO ID NO : 5 ) and LS734 ( SEO ID NO : 6 ) 
emission energies , radionuclides amenable for SPECT imag ( FIG . 19 ) , containing this motif . Both peptides were pre 
ing have sufficiently long half - lives for timely transporta pared by modular solid - phase synthesis . LS370 , which con 
tion , and can be produced on site via generators . The long 50 tains only nine amino acid peptide sequence , is a simple 
half - lives of commonly used SPECT radionuclides , such as model of the dual radiolabeled molecular imaging agent for 
99m Tc ( t1 / 2 , 6 . 02 h ) , 1231 ( t1 / 2 , 13 . 2 h ) , 1251 ( t1 / 2 , 59 . 4 days ) , ratiometric SPECT . It consists of DEVD ( SEQ ID NO : 2 ) 
and " In ( t1 / 2 , 2 . 8 days ) , make them suitable for incorpo - peptide flanked by a tyrosine group for 1251 labeling and 
ration into slow clearing biomolecules such as peptide - Lys - Gly - Cys - group for 99m Tc labeling . The more elaborate 
conjugates , antibodies , and nanoparticles [ 8 ] . This compat - 55 analogue , LS734 , was designed to generate disparate 
ibility of the biological half - life of the bioconjugates with molecular features upon enzyme cleavage to facilitate ratio 
the radioactive half - life of the elements results in improved metric SPECT data analysis . LS734 comprises 21 amino 
signal to background ratios . Conceptually , radio - labeling a acids and consists of three functional components : ( a ) a cell 
protease substrate with two SPECT compatible radioiso - internalizing ( positively charged ) amino acid sequence 
topes that emit gamma rays at different energies could 60 capable of accommodating stable 11 In ( Gly - Arg - Arg - Arg 
provide a new approach for molecular imaging of protease Orn - Arg - Arg - Lys - Lys - Arg - Lys - ( DOTA ) - NH2SEQ ID 
activities via ratiometric SPECT imaging . For this approach NO : 3 ] , ( b ) a caspase - 3 cleavable DEVD ( SEQ ID NO : 2 ) 
to be successful , gamma ray ( s ) of the chosen nuclides should peptide sequence , and ( c ) a hydrophobic peptide sequence 
have minimal overlapping signal in the acceptance energy containing Tyr group for labeling with 1251 ( Ac - Tyr - Leu 
windows to minimize “ crosstalk . ” For practical reasons , this 65 Ala - Ile - Ahx - Pro - Ala — SEQ ID NO : 4 ) . All the peptides 
is not always achievable , leading to the use of radionuclides were obtained in high purity ( > 95 % ) by high - performance 
with significant crosstalk that must be removed in a quan - liquid chromatography and characterized by liquid chroma 
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tography - mass spectrometry . Upon cleavage , LS734 is Example 7 . Caspase - 3 Mediated Hydrolysis 
expected to dissociate into 1251 - labeled hydrophobic and 
111 In - labeled hydrophilic fragments , with distinct biodistri FIG . 21 shows that [ 1251 ] LS370 eluted at 19 . 5 min , and in 
bution profiles . Conceptually , the high disparity between the the presence of caspase - 3 , the cleaved fragments eluted at 
hydrophobic and the positively charged hydrophilic peptide 5 12 . 5 and 13 min . The presence of two radiolabeled peaks on 
fragments ensures a relatively higher efflux rate of one of the the radiochromatogram suggests the formation of dimer 
fragments from cells undergoing caspase - mediated apopto - caused by the expected oxidation of the thiol group to form 
sis than the other component . Optimization of the biological intermolecular disulfide bond . However , the dimer readily 
transport profiles can be achieved by incorporating mol converts back to single molecules under the high reducing 
ecules that facilitate active efflux of one fragment . 10 conditions such as used to prepare the 99m Tc chelate . Kinetic 

analysis of caspase - 3 activation with [ 1251 ] LS370 using a 
Example 5 . Radiochemistry radionuclide detector ( radio - high - performance liquid chro 

matography ) gave a Km and kcat of 15 + 3 1 uM and 
The achieved specific activities were as follows : [ 121 ] 1 . 02 + 0 . 06 M s - 1 , respectively . These parameters compared 

LS370 , 40 - 50x10° MBq / mmol ; [ 121 ] LS734 , 6 - 10x10° 15 favorably with a standard caspase - 3 substrate AC - DEVD 
MBq / mmol ; and [ 11lIn ] LS734 , 12x106 MBq / mmol . The ( SEQ ID NO : 2 ) - pNA ( Kv = 11 uM and kca = 2 . 4 M s - ) , 
specific activity of [ 1251 ] - [ 111In ] LS734 was 3x106 MBq / demonstrating that the radiolabeled peptide was recognized mmol . We also determined the specific activity of [ 99m Tc ] by caspase - 3 . LS370 from the purified [ 12511 - 199MTc ] LS370 . Based on a 
specific activity of 50x100 MBq / mmol of 1251 - LS370 , the 20 
specific activity of 99m Tc in [ 1251 ] - [ 99mTc ] LS370 was cal Example 8 . Cell - Uptake Assays 
culated . After 72 h of decay , 0 . 02 % of 99m Tc remained , but 
this fraction did not have a significant impact on the 125In The goals of the cell - uptake studies were to ( 1 ) assess any 
counting window ( 15 - 75 keV ) . Based on the sum of the changes in the structure - activity relationship resulting from 
counts per minute ( CPM ) from fractions 10 - 12 and the the modular and responsive probe design and ( 2 ) evaluate 
counting efficiency ( 0 . 679 CPM / DPM ; see FIG . 25 ) , the 25 the retention of the iodine containing hydrophobic peptide 
calculated specific activity of 99m Tc in [ 1251 ] - [ 99mTc ] LS370 moiety in treated and untreated cells . Metastatic human 
was 17x1010 MBq / mmol . This value is in good agreement breast MDA - MB - 231 cells were used to evaluate whether 
with the literature reported maximum specific activity of the amino acid sequence modulation would enhance inter 
99m Tc , which is ~ 20x1010 MBq / mmol [ 15 ] . nalization , and how the probe would respond ( intracellular ) 

30 postchemotherapy . In the untreated cells , there was a higher Example 6 . Dual [ 1251 ] - [ 111In ] Nuclide SPECT uptake ( P < 0 . 001 ) of [ 121 ] LS734 ( 3 . 6 + 0 . 5 ) than [ 121 ] LS370 
Imaging Phantom ( 0 . 3 + 0 . 3 ) at 2 h postincubation at 37° C . ( FIG . 22A ) . The 

same trend was observed with the treated cells . The amount 
The data were acquired in two energy windows , one at 30 of iodinated fraction released by the untreated and treated 

keV of ̂  ̂  Tand a second encompassing the two high energy 35 cells at 3 h ( post 2 h incubation and removal of excess 
peaks of 111In ( 171 and 245 keV ) . The consequence of this activity ) was used as a measure of the efflux activity . The dual - labeling strategy is that 12 ' 1 measurements are con 
taminated with 11 In activity due to overlap in the X - ray results showed that higher amount of activity was released 
energy and contamination from down scatter . Based on the from untreated cells compared to treated cells that had been 
unmixing strategy described in Methods for Examples 4 - 10 . incubated with [ 1 ] LS734 ( P < 0 . 001 ) ( FIG . 22B ) . 
efficiency and cross - contamination factors were determined 
by scanning of the calibration phantoms containing known Example 9 . Biodistribution 
activities of 1251 and 11 In ( FIG . 20 ; Table 1 and Table 2 ) . 
The 3D ROIs drawn on the entire ampoules and unmixed The structure - activity relationship was evaluated in vivo 
images were calculated by the arithmetic on the images , not by performing a tissue biodistribution study in naive ( FIG . 
from the ROI data . 45 26 ) and tumor - bearing Balb / c mice ( FIG . 23 ) . At 1 h , 

11251 ] LS734 circulated longer in blood as compared to 
TABLE 1 [ 1251 ] LS370 . The tumor / blood ratios for both [ 1251 ] LS370 

and [ 1251 ] LS734 was 0 . 6 + 0 . 03 . The tumor / muscle ratios Total activity counts from calibration images ( FIG . 20 ) after 
unmixing 1251 and 111In signals . were similar as well but higher than the tumor / blood ratios , 

50 [ 1251 ] LS734 ( 2 . 2 + 0 . 1 ) and 11251 ] LS370 ( 2 . 1 + 0 . 3 ) . Thyroid 
Image 1251 ampoule 111In ampoule uptake was 73 - 21 and 115 73 for [ 1251 ] LS370 and [ 1251 ] 

LS734 , respectively . 21 . 3 2 . 25 
1111n 0 . 10 56 . 5 Example 10 . Dual - SPECT Imaging of Spontaneous 

Breast Tumor Mouse Model after Injection of 
[ 1251 ] - [ 111In ] LS734 

TABLE 2 
Based on the results obtained for the unmixing of 1251 and Efficiency and cross - contamination factors . 111In detection windows in calibration phantoms , a proof 

Facture Measured / nominal Value 60 of - principle in vivo imaging study was performed using the 
dual radiolabeled [ 1251 ] - [ 111In ] LS734 to determine the 21 . 29 / 76 tumor response to therapy in a MMTV - PyMT transgenic 56 . 47 / 87 0 . 650 

2 . 25 / 87 0 . 026 mouse model of spontaneous breast cancer . Reconstruction 
0 . 10 / 76 0 . 001 of raw data from both the low - and high - energy collection 

65 windows demonstrated differential biodistribution of 12511 The efficiency values represent the calibrated activities measured in the iodine or indium 
windows divided by the known activity of the sample . [ In ] LS734 throughout the animal ( FIG . 24 ) . At early time 

points , high uptake of an iodinated moiety , resulting from 

1251 
111In 0 . 10 56 . 5 

55 

0 . 280 

ein 
Cin > I 
C > in 
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the deiodination of the parent compound , was observed in ground correction ( in projection data ) prior to reconstruction 
the thyroid glands . Rapid clearance of 11lIn peptide conju - ( low , medium , and high ) , number of iterations ( fast , stan 
gate was indicated by high activity in the kidneys and dard , and fine corresponding to 6 , 9 , and 21 ML - EM 
bladder . Sequential analysis by unmixing of the low - energy iterations ) , and the pixel size ( 0 . 2 , 0 . 3 , and 0 . 4 mm ) . The 
window further differentiated the biodistribution of 1251 - and 5 standard parameters are low background correction , 9 itera 
111In - labeled compound and its fragments . Some tumor - tions , and 0 . 3 mm pixel size . The reconstruction software for 
independent proteolysis of the compound is expected due to the NanoSPECT was evaluated at various scan durations 
minor activity of caspases and proteases in other tissues , ( i . e . , counting statistics ) with various options within the 
particularly the liver and the kidneys . Early clearance of the reconstruction such as the background clean ( BC ) , smooth 
1251 - labeled moieties is evident by the relatively high signal 10 projection ( SP ) , and smooth volume ( SV ) using a uniform 
from the gastrointestinal tract in the low - energy window phantom . We demonstrated that the different levels of back 
( FIG . 24C ) . While the iodine containing component was ground correction ( low , medium , and high ) did not make any 
designed to be hydrophobic upon cleavable and separation difference in the image . Furthermore , the noise properties 
from the parent compound , the 111In containing fraction was for these parameters were identical , as seen on the images 
conceptualized to be hydrophilic following separation from 15 using the standard number of iterations ( 9 ) and the standard 
the dual - labeled peptide . Although partial clearance from the pixel size ( 0 . 3 mm ; see FIG . 28 ) . We postulated that the 
liver was observed , the high signal from the kidneys and background subtraction was needed to be used in conjunc 
bladder demonstrated preferential renal to hepatobiliary tion with the BC option to make a difference . We also 
clearance for the 111 In containing fragments . SUV analysis observed that the BC option preserved the highest accuracy 
of the drug - treated and saline - treated tumors showed higher 20 since the mean ROT values at various scan durations match 
signal in the 111 In channel for the treated ( SUV , 2 . 21 ) as closely to the reference mean ROT value ( i . e . , value 
compared to untreated ( SUV , 1 . 44 ) tumor . The SUV analysis obtained from the highest counting statistics ) compared to 
in the 1251 channel was also quantifiable but confounded by the reconstruction with the other options . However , at the 
systemic deiodination ( treated SUV , 0 . 19 and saline - treated lowest counting statistics , the BC option produces the lowest 
SUV , 0 . 21 ) . The ex vivo biodistribution corroborated the in 25 accuracy . This is probably due to bias generated from the 
vivo image analysis ( FIG . 27 ) . background subtraction at low counts . In contrast , the 
Discussion for Examples 4 - 10 . default reconstruction with no additional option produces 

In the preclinical arena , optical imaging has been used to the highest accuracy at the lowest counting statistics com 
report a plethora of molecular processes . With its diverse pared to the rest . With regard to the coefficient of variation 
contrast mechanisms , optical imaging is amenable to high 30 ( STD / mean ) of the ROT values ( FIG . 29 ) , the BC option 
throughput screening , real - time feedback , and highly sensi showed the highest variation as expected , whereas the SP 
tive detection schemes without the use of ionizing radiation option depicts the lowest . 
or expensive imaging systems . A unique feature of optical The pharmacokinetic profile in rodents demonstrated the 
imaging is the detection of the expression and the functional differences in the blood circulation and tissue retention of 
status of proteases with high detection sensitivity using 35 the bioconjugates . Proof - of - principle animal imaging was 
activatable reporter probes . Particularly , the commonly used performed in the MMTV - PyMT transgenic breast cancer 
Forster resonance energy transfer ( FRET ) method for imag model using the phantom validated customized attenuation 
ing proteases is attractive for studying the functional status and gamma - energy deconvolution SPECT / CT protocols . 
of these enzymes because of the near - zero background Cell studies demonstrated differences in the uptake of the 
fluorescence before enzyme activation , resulting in high 40 dual radiotracer between the treated and nontreated groups . 
detection sensitivity and specificity [ 16 - 19 ] . Despite its The iodine label was stable in the conditions used for the cell 
enormous potential to unravel the molecular basis of dis - studies ( FIG . 30 ) . However , a key limitation of compound 
eases in vivo , the limited tissue penetration depth precludes design was the significant 1251 uptake in the thyroid tissue , 
using optical imaging techniques for noninvasive imaging of most likely a function of normal as well as tumor mediated 
deep - seated primary and metastatic tumors . 45 physiologic deiodination caused by the labile carbon - iodine 

Although radionuclide signal cannot be quenched or bond [ 20 ] . Tn designing the dual radiolabeled imaging 
amplified in the same manner as fluorescence activatable agent , we expected that the intracellular caspase - 3 cleavage 
probes , direct readout of protease activity can be achieved of the multifunctional molecular agent would result in the 
by ratiometric SPECT approach . To accomplish this goal , trapping of the 1291 - labeled hydrophobic component , while 
we have designed a dual radionuclide - labeled molecular 50 the 11 In - labeled moiety will be cleared . Clearly , deiodina 
probe and a SPECT imaging approach for quantitative tion confounded accurate systemic data analysis . In the 111In 
measurement of protease activity . Our approach is versatile , channel , the SUV analysis of the drug - and saline - treated 
with potential application in determining the functional tumors showed higher signal for treated ( 2 . 21 ) versus 
status of both intracellular and extracellular proteases . Using untreated tumors ( 1 . 44 ) . In spite of in vivo deiodination , 
a caspase - 3 cleavable peptide sequence , we demonstrated 55 quantitative ROT analysis of various tissues in the 1251 
that the chemical scaffold on the molecules can be used to channel was feasible using the described algorithm . The 
alter the cellular internalization and efflux profile of the proof - of - principle animal study and the phantom studies 
compounds . For example , the presence of positively charged have laid the foundation for future noninvasive dual radio 
amino acid residues in LS734 significantly enhanced cell nuclide SPECT studies for imaging intracellular protease 
internalization relative to LS370 . Further , the ratio of 60 activity in response to treatment using biostable imaging 
retained activity from the hydrophobic moiety of 125T - probes . We are currently designing imaging agents that 
LS734 was higher in the treated cells in vitro versus non - better shield the radio - halogen from systemic enzymatic 
treated cells . cleavage [ 21 ] . 

Quantitative accuracy and statistical reconstruction for In conclusion , we developed a new approach for imaging 
dual - SPECT isotopes was developed using the available 65 protease activity in vivo via a ratiometric SPECT imaging 
NanoSPECT image reconstruction software . The software strategy . The synthetic method is modular , which facilitates 
design offers select options for three parameters : back adaptation of the method to monitor the activities of other 
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diagnostic proteases . Attenuation correction parameters for ditions without significant retention at the origin , indicating 
image reconstruction and quantitative analyses were opti completion of ligand exchange reaction and lack of any 
mized using phantoms , and successfully implemented for 99m Tc oxides in the preparation . Following the completion of 
multispectral SPECT image analysis . By modeling the the ligand - exchange reaction , the dual - labeled 1251 / 99m Tc 
crosstalk between radioisotopes , the SPECT method pro - 5 LS370 probe was further purified on HPLC system equipped 
vides quantitative accuracy for determining the ratios of with the radio - detector and C - 18 column . While the excess 
each radionuclide . This strategy can potentially be adapted 99m Tc - glucoheptonate eluted with the injection front , the 
to current clinical imaging systems to provide a direct dual - labeled 1251 / 99m Tc - LS370 peptide showed retention 
measure of diagnostic molecular biomarkers of early times that are about 2 min faster than the single labeled 
response to therapy . 10 125I - LS370 peptide alone . Additionally , the formation of the 
Methods for Examples 4 - 10 . dual - labeled probe was also confirmed using the nano 

The chelator DOTA - tris ( t - Bu ester ) was purchased from SPECT . Finally , appropriate fractions of the dual labeled 
Macro - cyclics ( Dallas , Tex . , USA ) . Acetic anhydride , N , N 1251 - 99m Tc - LS370 were collected and reconfirmed via radio 
diisopropylethyl - amine , trifluoroacetic acid ( TFA ) , acetoni - TLC . Radiochemical purity was > 98 % . 
trile ( ACN ) , piperidine , anisole , and dimethylformamide 15 Dual 1251 / llIn - Labeling : 
( DMF ) were purchased from Sigma Aldrich ( St . Louis , Mo . , LS734 ( 20 ug ) was dissolved in Tris - HCl buffer ( 0 . 1 M , 
USA ) . All the Fmoc amino acids , hydroxybenzotriazole 100 uL , PH 7 . 6 ) and iodinated with Na1251 ( 2 . 0 mCi ) using 
( HOBt ) , and 2 - ( 1H - benzotriazole - 1 - yl ) - 1 , 1 , 3 , 3 - tetramethyl - 2 ug lodogen ( Pierce , Rockford , 111 . , USA ) . After 30 min , the 
uronium hexafluorophosphate ( HBTU ) were purchased reaction was stopped by transferring the solution into 
from AAPPtec ( Louisville , Ky . , USA ) . Na [ 1251 ] lodide was 20 another tube . QC was performed on 1251 - LS734 ( 5 uL ) by 
ordered from American Radiolabeled Chemicals , Inc . ( St . radio - HPLC . For the subsequent 111In labeling , acetic acid 
Louis , Mo . , USA ) , 1 In ] InCl2 was ordered from Nordion ( 400 UL , 0 . 1 M ) and 11lIn ( 10 uL , 2 mCi ) in HC1 ( 0 . 02 M ) 
Inc . ( Ottawa , ON , Canada ) , and 99m Tc was obtained from was added to the iodinated fraction and the mixture was 
Mallinckrodt Pharmaceuticals , St . Louis . incubated for 30 min at room temperature . After reaction , 

Radiochemistry : 25 the mixture was purified by RP - HPLC on a C18 column 
1251 - Labeling - LS370 or LS734 ( 10 ug ) was dissolved in ( Waters , Milford , Mass . , USA ) . 1251 - 111In - LS734 was 

100 uL of 0 . 1 M Tris ( hydroxymethyl ) aminomethane - obtained and purified by linear gradient elution consisting of 
hydrochloride ( Tris - HCl ) buffer , pH 7 . 6 , and iodinated with solvent A ( 0 . 1 % TFA in water ) and B ( 0 . 1 % TFA in ACN ) 
1 . 0 mCi Na 291 , using 2 ug lodogen ( Pierce , Rockford , Ill . , ( 1 mL / min flow rate , 30 min ) . Eluted fractions ( 500 uL ) 
USA ) . After 30 min , the reaction was stopped by removing 30 were collected into tubes . Radioactivity of each fraction was 
the supernatant to another vessel . Purification was per determined by y - counting . The final product was > 95 % pure . 
formed by reverse phase - high - performance liquid chroma - The achieved specific activities were : 1251 - LS370 : 40 - 50x 
tography RP - HPLC ) on the C18 column ( Supelcosil ABZ 106 MBq / mmol , 1251 - LS734 : 6 - 10x10 MBq / mmol , 111In 
PLUS , HPLC Column , 150x4 . 0 mm , 5 um ) with a gradient LS734 : 12x10° MBq / mmol . The specific activity of 1251 
of H2O containing 0 . 1 % TFA and ACN containing 0 . 1 % 35 11lIn - LS734 was 3x10 MBq / mmol . We also determined the 
TFA for 30 min at a flow rate of 1 mL / min . The quality specific activity of 99m Tc - LS370 from the purified 1251 
control ( QC ) testing of the radiochemical purity was done by 99m Tc - LS370 . Based on a specific activity of 50x100 MBq / 
RP - HPLC on the C18 column ( Alltima HP , HPLC Column mmol of 1251 - LS370 , the specific activity of 99m Tc in 1251 
C18 , 3u , 53x7 mm ) with the gradient elution with H , O 99m Tc - LS370 was calculated . After 72 h of decay , 0 . 02 % of 
containing 0 . 1 % TFA and ACN containing 0 . 1 % TFA for 8 40 99m Tc remained but this fraction did not have a significant 
minutes at a flow rate of 2 . 5 mL / min . Radioactivity of each impact on the 1251 counting window ( 15 - 75 keV ) . Based on 
fraction was determined by y - counting . 1251 - LS734 eluted at the sum of the counts per minute ( CPM ) from fractions 
12 . 5 min and 1251 - LS370 eluted at 12 min . The radiochemi 10 - 12 and the counting efficiency ( 0 . 679 CPM / DPM ; see 
cal purities of peptides used in this study was > 95 % . FIG . 25 ) , the calculated specific activity of 99m Tc in 1251 

111 Indium Labeling of LS734 : 45 99m Tc - LS370 was 17x1010 MBq / mmol . This value is in 
LS734 ( 20 ug ) in 0 . 1 M acetic acid ( 300 UL ) was added good agreement with the literature reported maximum spe 

to 111In ( 2 mCi ) in 0 . 02 M HCl ( 100 uL ) , and the mixture c ific activity of 99m Tc , which is ~ 20x1010 MBq / mmoll7 . 
was incubated for 30 min at room temperature . The reaction Caspase - 3 Mediated Hydrolysis of [ 1251 ] LS370 : 
was applied to RP - HPLC in 0 . 1 % TFA and purified by [ 1251 ] LS370 was dissolved in caspase buffer { 100 mm 
chromatography on a C18 reverse phase column ( Waters , 50 NaCl , 50 mM 4 - ( 2 - hydroxyethyl ) - 1 - piperazineethanesulfo 
Milford , Mass . , USA ) . 111In - LS734 was obtained by linear nic acid , 10 mM DTT , 1 mM ethylenediaminetetraacetic 
gradient elution consisting of solvent A ( 0 . 1 % TFA in water ) acid , 10 % glycerol , and 0 . 1 % 3 - [ ( 3 - cholamidopropyl ) dim 
and B ( 0 . 1 % TFA in ACN ) ( 1 mL / min flow rate , 30 min ) . ethylammonio ] - 1 - propanesulfonate , pH 7 . 4 } at concentra 
Radioactivity of each fraction was determined by y - count tions varying from 2 . 5 to 20 uM . Caspase - 3 ( Cal Biochem ) 
ing . The radiochemical purity by HPLC was > 95 % . 55 was added to the radioactive peptide solution at a final 
Dual 1251 / 99m Tc - Labeling : concentration of 290 PM . These solutions were allowed to 
To synthesize the dual - labeled 1251 / 99m Tc - LS370 , the react at 37° C . for 180 min and were sampled every 30 min . 

HPLC purified 1251 - LS370 was incubated with 99mTc - glu - Substrate hydrolysis was monitored by radio - high - perfor 
coheptonate in ethanol / saline ( 9 : 1 ) at room temperature . The mance liquid chromatography ( Vydac , C - 18 , 4 . 6x250 mm , 1 
progress of the reaction was monitored via a radio - TLC 60 ml / m , A = H20 , 0 . 1 % TFA , B = ACN , 0 . 1 % TFA ; 10 - 90 % B , 
scanner using water as eluent . While the dual labeled 30 min , linear gradient ) of these time point samples . Com 
1251 / 99m Tc - LS370 probe was found to be retained at the parison to a standard caspase - 3 substrate ( Ac - DEVD - PNA ) 
origin , the excess 99m Tc - glucoheptonate eluted with the and calculation of the enzyme kinetic parameters were 
solvent front . A mobile eluent mixture of methanol / saline ) carried out as previously described [ 12 ] . 
TFA ( 90 : 8 : 2 ) and radio - TLC scanner was used to confirm 65 Cell Culture : 
the absence of any 99m Tc oxides in the dual labeled peptide . All cell handling was aseptically performed in a laminar 
The peptide eluted with the solvent front under these con - flow hood . 4T1 / luc murine breast cancer cells were pur 
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chased from Sibtech ( Brookfield , Conn . ) and MDA - MB - 231 Dual 1251 - 111 In Nuclides SPECT Imaging Phantom and 
human mammary gland / breast cancer cells were purchased Animal Imaging : 
from the American Tissue Culture Collection ( ATCC ) and Phantom studies were designed based on the half - life 
were grown until 60 - 75 % confluence in 175 tissue culture decay of 1251 [ t12 = 59 . 4 days ; X - ray : - 27 . 3 keV ( 145 . 2 % ) ] 
flasks . The cells were grown in Dulbeccos ' s Modified 5 and 111In [ t12 = 2 . 8 days ; X - ray , - 23 keV ( 82 . 5 % ) and y - ray , 
Eagles Medium ( GIBCO - BRL ) with 10 % fetal bovine 171 keV ( 90 . 6 % ) , 245 keV ( 94 . 1 % ) ] . The data were 
serum and 1 % penicillin / streptomycin at 37° C . in a humidi - acquired in two energy windows , a low - energy window for 
fied atmosphere with 5 % CO , in a Revco Elite II incubator . 1251 ( 25 . 2 - 30 . 8 keV ) and a second encompassing the two 
To determine cell density , equal amounts of cell suspension high energy peaks of ll In ( 140 - 260 keV ) using the Nano 
and trypan blue exclusion were added to a hemocytometer to " SPECT / CT system ( Bioscan ) . As a consequence of this 
calculate a cells / mL concentration and ensure cell viability . dual - labeling strategy , 1251 measurements were contami 

Cell Uptake and Efflux Studies with [ 1251 ] LS734 or nated with " In activity due to overlap in the X - ray energy 
[ 1251 ] LS370 : and contamination from down scatter ( photons emitted by 
MDA - MB - 231 cells used for the uptake and efflux assay 15 the higher energy isotope in the energy window of the lower 

were grown on 24 - well tissue culture plates until they were energy isotope ) . Therefore , a strategy for unmixing of the 
80 - 90 % confluent with - 250 , 000 cells per well . A two - overlapping gamma ray energy signals was formulated . An 
component chemotherapeutic regimen was used that has unmixing strategy based on the makeup of signals in each 
been shown to initiate apoptosis in breast cancer cells and collection window ( M , and Min ) was developed : 
xenografts [ 13 , 14 ] . The experimental treatment group of 20 
cells was treated with 10 ng / ml of SN - 38 ( 7 - ethyl - 10 
hydroxy - camptothecin , Sigma Aldrich ) for 24 h . Then , the M , = 4 ; [ ? ] + e inx [ In ] + Cing [ In ] and Min ( 1 ) 
SN - 38 was removed , and the second chemotherapeutic drug , = ein [ In ] + C1910 UCN - 01 ( Sigma Aldrich ) , was introduced at a concentration 
of 1 tM in 0 . 1 % BSA per well . At this point , respective 25 
radioactive solutions ( 1 “ “ I ] LS734 or [ 1 ] LS370 , 0 . 02 ug with e , and e , representing the detection efficiencies for 
per well ; specific activities : [ 1251 ] LS370 - 40x106 MBq / 1251 and 111In in their respective window and my the 
mmol ; [ 1251 ] LS734 - 10x106 MBq / mmol ) were added to efficiency for detecting the indium X - rays in the 125In treated and control groups . The solutions were added drop window . Cin > ; and C > in are the cross - talk contamination wise into the wells and gently mixed to ensure homogeneous 30 factors from 111In into the 125I window and from 1251 into the distribution . The final volume per well was 240 ul , and the 11lIn window . Under these conditions , einx cannot be sepa plates were incubated at 37° C . ( 5 % CO2 ) for 2 h . After rated from Cin > , C1 > In should be small . Cinsi is the sum incubation , the supernatant ( fraction 1 ) was collected , and 
the cells were washed twice with 250 ul of cold serum - free from the down scatter from the 171 and 245 keV gamma 

+ In in the T window . media . The washed cells were incubated again for 1 h in 35 rays and X - rays efficiency of 
serum - free media at 37° C . ( 5 % CO , ) , and at 1 h , the Therefore : 
supernatant was collected ( fraction 2 ) . Fraction 2 represents 
the cell efflux , which is the amount of radioactivity released 
from cells after the 2 h uptake . After collecting the super [ In ] = ( e ; Min - C191nM ) / ( ejein - C191n Cingi ) and [ 1 ] 

natant , Solvable ( Perkin Elmer ) was added to facilitate 40 = ( M , - Cing , Minle 
efficient scraping of the cells . The scraped cells ( fraction 3 ) 
were collected in microfuge tubes . The radioactivity in each 
fraction was measured in a well counter ( Packard II gamma The phantoms were made of two ampoules containing a 
counter ) . calibrated amount of 111In ( 87 uCi ) and 1251 ( 76 uCi ) . The 

Animal Biodistribution Studies : 45 three - dimensional ( 3D ) regions - of - interest ( ROIS ) were 
All animal studies were conducted according to guide - drawn to encompass the entire ampoules . 

lines on the humane care and use of laboratory animals Dual - Isotope SPECT / CT Imaging in Spontaneous Breast 
under protocols approved by the Animal Studies Committee Cancer Model : 
at Washington University School of Medicine . For tissue The MMTV - PyMT transgenic mice carrying the polyoma 
biodistribution studies , syngeneic breast tumor models were 50 middle T oncogene driver by the MMTV promoter in the 
prepared via bilateral orthotopic implantation of luciferase - FVB background were bred in house ( 15 ) . The animal model 
transfected 4T1 mouse mammary carcinoma cells ( 4T1luc , recapitulates the human condition of early breast tumor 
5x10 cells per tumor ) in the mammary fat pads of 6 - week - genesis including complex interactions of immune cells 
old , female Balb / c mice ( NCI , Frederick , Md . , USA ) . Stud - within the tumor , and multifocal lesions throughout the 
ies were conducted when the tumors reached about 3 mm 55 mammary tissuelº . Multifocal tumors enabled internal con 
maximum diameter ( - 10 days ) . Healthy female Balb / c mice trols as treated and untreated tumors within the same animal . 
( n = 4 per time point ) were anesthetized with 1 - 2 % vaporized For the proof - of - principle small animal nanoSPECT imag 
isoflurane and injected via tail vein with 0 . 185 MBq of ing study , a 12 week old MMTV - PyMT female mouse was 
[ 1251 ] LS370 or [ 1251 ] LS734 ( specific activities : [ 1251 ] LS370 - used when the bilateral tumors were palpable and greater 
40x100 MBq / mmol ; [ 1251 ] LS734 - 10x10 MBq / mmol ) . At 1 60 than 3 mm diameter . 
h post injection , mice were killed . Organs of interest were The left pectoral mammary tumor was injected intratu 
removed and blotted dry . The radioactivity was measured in morally with bromopyruvate ( 150 uL , 1 . 75 uM ) , an inhibitor 
a gamma counter ( Packard II gamma counter ) . Diluted of GDPH16 . The contralateral tumor was injected with 
standard doses ( 1 : 100 ) were prepared and counted along saline . At 24 h after bromopyruvate injection , the mouse was 
with the samples . Data points were corrected for radioactive 65 injected intravenously with dual radiolabeled 1251 - 111 In 
decay . The percent injected dose per gram of tissue ( % ID / g ) LS734 ( 500 uCi ) and imaged with nanoSPECT 4 h post 
was calculated . injection . SPECT scans were performed using 16 projec 
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SEQUENCE LISTING 

< 160 > NUMBER OF SEO ID NOS : 6 

V 

V V V V NNNNNNNN V HNNNNN MOMON V V V 

< 210 > SEQ ID NO 1 
< 211 > LENGTH : 13 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : SYNETHESIZED 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc _ feature 
< 222 > LOCATION : ( 12 ) . . ( 12 ) 
< 223 > OTHER INFORMATION : Xaa = Aminocaproic acid V 

< 400 > SEQUENCE : 1 

Gly Pro Leu Gly Val Arg Gly Lys Gly Tyr Gly Xaa Cys 
10 

V < 210 > SEO ID NO 2 
< 211 > LENGTH : 4 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : SYNTHESIZED 
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- continued 

< 400 > SEQUENCE : 2 

Asp Glu Val Asp 

< 210 > SEQ ID NO 3 
< 211 > LENGTH : 11 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : SYNTHESIZED 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc _ feature 
< 222 > LOCATION : ( 5 ) . . ( 5 ) 
< 223 > OTHER INFORMATION : Xaa = Ornithine 

< 400 > SEQUENCE : 3 

Gly Arg Arg Arg Xaa Arg Arg Lys Lys Arg Lys 
10 1 

A 

< 210 > SEQ ID NO 4 
< 211 > LENGTH : 7 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Artificial Sequence 

FEATURE : 
< 223 > OTHER INFORMATION : SYNTHESIZED 

0 > FEATURE : 
< 221 > NAME / KEY : misc _ feature 
< 222 > LOCATION : ( 5 ) . . ( 5 ) 
< 223 > OTHER INFORMATION : Xaa = Aminocaproic acid 

A 

< 400 > SEQUENCE : 4 

Tyr Leu Ala Ile Xaa Pro Ala 

H 

A 

A 

A 

A 

A 

A 

A 

< 210 > SEQ ID NO 5 
< 211 > LENGTH : 11 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Artificial Sequence 

FEATURE : 
< 223 > OTHER INFORMATION : SYNTHESIZED 

20 > FEATURE : 
< 221 > NAME / KEY : MISC _ FEATURE 
< 222 > LOCATION : ( 1 ) . . ( 1 ) 
< 223 > OTHER INFORMATION : Xaa = Aminocaproic acid 
< 220 > FEATURE : 
< 221 > NAME / KEY : MISC _ FEATURE 
< 222 > LOCATION : ( 3 ) . . ( 3 ) 
< 223 > OTHER INFORMATION : Xaa = Aminocaproic acid 

NNNNN NM O O 

NNNNNN NNNNNNNNNN M O Nm 

A 

A 

A 

A 

< 400 > SEQUENCE : 5 

Xaa Tyr Xaa Asp Glu Val Asp Gly Lys Gly Cys 
10 

< 210 > SEQ ID NO 6 
< 211 > LENGTH : 22 
< 212 > TYPE : PRT 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : SYNTHESIZED 
< 220 > FEATURE : 
< 221 > NAME / KEY : MISC _ FEATURE 

LOCATION : ( 5 ) . . ( 5 ) 
< 223 > OTHER INFORMATION : Xaa = Aminocaproic acid 

20 > FEATURE : 
< 221 > NAME / KEY : misc - feature 
< 222 > LOCATION : ( 16 ) . . ( 16 ) 
223 > OTHER INFORMATION : Xaa = Ornithine 

A 

< 400 > SEQUENCE : 6 
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- continued 
Tyr Leu Ala Ile Xaa Pro Ala Asp Glu Val Asp Gly Arg Arg Arg Xaa 

10 15 

Arg Arg Lys Lys Arg Lys 
20 

What is claimed is : 5 . The composition of claim 1 , wherein the peptide further 
1 . A composition comprising : comprises a - Lys - Gly - Cys - group and one of the radionu 
( a ) a peptide comprising the hydrophobic amino acid clides is conjugated to the - Lys - Gly - Cys - group found the 
sequence SEQ ID No . 4 ( Tyr - Leu - Ala - Ile - Ahx - Pro peptide . 
Ala ) and the hydrophilic amino acid sequence SEQ ID 6 . A method of detecting enzyme activity in a subject , the No . 3 ( Gly - Arg - Arg - Arg - Orn - Arg - Arg - Lys - Lys - Arg 5 method comprising : Lys ) separated by the caspase - 3 sensitive site compris - 15 a ) administering to the subject an effective amount of a ing the amino acid sequence SEQ ID NO : 2 ( Asp - Glu composition of claim 1 ; Val - Asp ) ; and b ) imaging the subject for a signal corresponding to the ( b ) two radionuclides , wherein the spectrally differenti 1251 and 111In to determine the biodistribution for the ated radionuclides are 1251 and 11lin 1251 and 111In ; and wherein the radionuclides are attached to the peptide and 20 
separated by the site susceptible to cleavage by cas c ) comparing the biodistribution of the 1251 to the biodis 

tribution of the " In wherein when the biodistribution pase - 3 . 
2 . The composition of claim 1 , wherein one of the for the 1251 differs from the biodistribution for the 11lIn , 

enzyme activity is detected . radionuclides is conjugated to a Tyr residue found in the 25 7 . The method of claim 6 , wherein the subject is imaged peptide . 
3 . The composition of claim 1 , wherein one of the about 4 to about 48 hours after administration . 

radionuclides is conjugated to a chelating agent coupled to 8 . The method of claim 6 , wherein the subject is imaged 
the peptide . using single photon emission computed tomography 

4 . The composition of claim 3 , wherein the radionuclide ( SPECT ) . 
is 111In . * * * * * 


